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Bcl10 is a key signaling intermediate in the TCR-to-NF-kB pathway in T
lymphocytes. It is currently believed that, once activated, Bcl10 functions within a multi-
protein signaling complex that activates the IKK complex. Bcll0 is thought to regulate
this signaling complex, but how it transmits its signal through the complex is unknown.
A thorough knowledge of Bcl10 biology is critical to understanding how Bcl10 functions
and how it regulates its binding partners. In this study, we used mutational analysis,
molecular imaging, biochemistry, and computer/bioinformatics modeling to elucidate a
structure and function for Bel10. From our data, we identified a novel binding site for
MALT1 within the Bcl10 protein, hypothesized that this site is completely separate and
distinct from the binding sites of other Bel10 signaling partners, and proposed two
regulatory functions for the Bcl10 C-terminus. These findings suggest that Bcl10 has
multiple functional domains and, hence, that Bcl10 molecular biology is more complex
than previously thought. These observations serve to emphasize Bcl10’s role as a crucial

regulator of the TCR-to-NF-«B signaling pathway.
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Glossary

AP-1 (activator protein 1): a transcription factor consisting of a homo- or heterodimeric
complex comprising members of the jun, fos, ATF, and Maf protein families

APC (antigen presenting cell): a cell that displays foreign antigen complexed with MHC
on its surface

API2 (apoptosis inhibitor-2): a member of the inhibitor of apoptosis protein gene family
implicated in MALT B cell lymphoma

Bcl10 (B cell lymphoma 10): a key adaptor protein in the NF-kB signaling pathway
BCR (B cell receptor): cell-surface receptor of B cells that binds to cognate antigen

B-galactosidase: the product of the LacZ gene that metabolizes lactose into glucose and
galactose

BinCARD (Bcll10-interacting protein with CARD): a CARD protein capable of inhibiting
Bcll0-mediated activation of NF-kB, via CARD-CARD interaction with Bcl10

CARD (caspase recruitment domain): three-dimensional protein domain involved in
protein-protein interactions and found in many molecular mediators of apoptosis

CARMA1 (CARD-containing MAGUK protein 1): scaffolding protein involved in the
NF-«B signaling pathway

CC domain (coiled-coil domain): a protein structural motif consisting of 2-5 alpha-
helices coiled together that often mediates protein-protein interactions

CD3: a critical signaling component of the T cell receptor complex

CD4: a co-receptor for the T cell receptor expressed on the surface of T helper cells
CD8: a co-receptor for the T cell receptor expressed on the surface of cytotoxic T cells
CD25: the a chain of the high-affinity interleukin-2 receptor

CD28: T cell-surface antigen that provides co-stimulatory signals required for naive T
cell activation

cDNA (complementary DNA): DNA synthesized from an RNA template

CHI12 B cell: a B cell line with an H-2* MHC haplotype that is derived from a murine B
cell lymphoma



D10-IL2 T cell: a murine CD4" T cell clone dependent upon exogenous IL-2
supplementation for its growth and survival, and which is responsive to a conalbumin
peptide presented by I-A*

DD (death domain): a protein-protein interaction domain present in several proteins
involved in apoptosis and NF-kB signaling

EST (expressed sequence tag): a cDNA-derived portion of an open reading frame that
can be used to identify the full gene

FACS (fluorescence-activated cell sorting): methodology that uses lasers and
microfluidic cell separation to identify unique cell types based upon differences in cell
fluorescence

FLAG-tag: a polypeptide tag added to a recombinant expressed protein, used for
detection with specific anti-FLAG antibodies

GFP (green fluorescent protein): a variant of the gene first isolated from the jellyfish,
A. victoria; the expressed fluorescent protein is used as a genetic marker

GUK domain (guanylate kinase domain): a guanylate kinase-like domain lacking
catalytic activity and facilitating protein-protein interactions

3xHA-tag (triple hemagglutinin tag): influenza virus hemagglutin tag added to a
recombinant expressed protein, used for detection with specific anti-HA antibodies

HEK-293T cell: an SV40-transformed cell line derived from human embryonic kidney
cells

ICAM-1 (intercellular adhesion molecule 1): molecule displayed on the surface of an
antigen presenting cell capable of binding LFA-1 on the surface of a T cell

Ig-like (immunoglobulin-like): a glycoprotein domain structurally resembling the
canonical immunoglobulin domain, originally identified by structural analysis of the
antibody molecule

IkB (inhibitor of ¥B): an inhibitor protein that binds to the NF-xB dimer and holds it in
its inactive state in the cytoplasm

IKK complex (IkB kinase complex): a trimeric protein complex comprising a regulatory
subunit (IKKy) and two serine/threonine kinases (IKKa and IKKf) involved in the
activation of NF-«xB, via phosphorylation of the IxB target

IL-1R (interleukin-1 receptor): a cell-surface receptor that binds interleukin-1, a cytokine
secreted by macrophages and many other cell types



IL-2 (interleukin-2): an autocrine cytokine secreted by T cells that stimulates T cell
growth and differentiation

IS (immunological synapse): antigen-dependent site of transient intercellular contact
between immune cells resulting in protein segregation into membrane domains

ITAM (immunoreceptor tyrosine-based activation motif): phosphorylated tyrosines in
this motif recruit positive signaling effector molecules to transmembrane receptors, such
as the TCR/CD3 complex

LFA-1 (lymphocyte functional antigen 1): a leukocyte cell adhesion integrin molecule,
which binds to ICAM-1

LPS (lipopolysaccharide): integral part of the outer cell membrane of gram-negative
bacteria

MAGUK (membrane-associated guanylate kinase): a superfamily of proteins that serve
as scaffolds to build multi-protein complexes at the plasma membrane

MALT (mucosa-associated lymphoid tissue): acronym used to refer to lymphoid tissue of
the mucosa; also a type of B cell lymphoma and a signaling intermediate in the NF-kB
pathway (MALT1), which is a chromosomal translocation target in MALT lymphoma

MHC (major histocompatibility complex): genomic region that encodes for cell-surface
molecules that present peptide antigen to the T cell receptor

MIRR (multichain immune recognition receptor): immune cell-surface receptor that
associates with Src-family kinases to initiate signaling

MMLYV (Moloney murine leukemia virus): enveloped retrovirus capable of integrating
into the host genome

MSCV (murine stem cell virus): a variant of MMLYV, which allows reliable expression in
immune cells

MZL (marginal zone lymphoma): lymphoma of a type of B cell arising from the region
between the non-lymphoid red pulp and the lymphoid white pulp of the spleen; this
subset includes MALT lymphoma

NFAT (nuclear factor of activated T cells): a calcineurin-dependent transcription factor
involved in the regulation of interleukin-2 and interleukin-4 gene transcription

NF-kB (nuclear factor of kappa light chain gene enhancer in B cells): a transcription
factor consisting of a homo- or heterodimeric complex involved in the regulation of
inflammatory and immune responses



PAMPs (pathogen-associated molecular patterns): small molecular sequences
consistently associated with pathogens, frequently recognized by receptors of the innate
immune system

pBlueScript: cloning vector containing several features including multiple cloning sites,
Amp®, and LacZ

pcDNA: vector designed for high-level stable and transient expression in mammalian
cells, containing a CMV promoter, multiple cloning sites, and a Neo" gene

pCL-Eco: retrovirus packaging vector containing the GAG, POL, and ENV genes of
MMLV

PDK1 (3-phosphoinositide-dependent kinase 1): serine/threonine protein kinase whose
activity depends upon phosphatidylinositol 3-kinase (PI3K)

PDZ domain: named for the first three proteins in which this conserved sequence was
first recognized; this domain mediates protein-protein interactions

pENeo: replication defective MMLYV retrovirus containing an IRES- Neo® cassette

PKCH (protein kinase C 0): a protein kinase isozyme that phosphorylates specific serines
and threonines on a variety of intracellular signaling proteins; tissue-restricted expression
to T cells, skeletal muscle, and a few other cells/tissues

PLCy1 (phospholipase C y1): a key enzyme in phosphatidylinositol (PIP,) metabolism
POLKADOTS (punctuate and oligomeric killing or activating domains transducing
signals): oligomers of Bcl10 and MALT1 resembling cytoplasmic structures that recruit

caspases and trigger apoptosis

RIP2 (receptor interacting serine-threonine kinase 2): an NF-kB-activating and cell death-
inducing kinase

SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis): a common
technique for separating denatured proteins by size

SH3 (Src homology 3): conserved amino acid domain, consisting to two anti-parallel
sheets, that mediates interactions between proteins

SMAC (supramolecular activation cluster): region of the immunological synapse
consisting of either a central (c) or peripheral (p) protein segregation membrane domain

TCR (T cell receptor): cell-surface receptor of T cells that binds a peptide of processed
cognate antigen complexed with MHC



TLR (Toll-like receptor): transmembrane receptor that recognizes PAMPs and activates
immune cells of the innate immune system

TNFR (tumor necrosis factor receptor): a cell-surface receptor that binds tumor necrosis
factor, a cytokine secreted by macrophages and other cell types

TRAF6 (TNF receptor-associated factor 6): ubiquitin ligase that serves as a catalytic
intermediate in several signaling cascades, particularly those terminating with the
activation of NF-xB



Chapter 1. Introduction

In the adaptive immune response, T lymphocytes (helper and cytotoxic) become
activated through interactions with antigen presenting cells (APCs). APCs, specifically
dendritic cells, macrophages, and B cells, carry foreign peptide antigen bound to MHC
class I and II molecules displayed on their cell surfaces (10). T cells recognize these
antigen-MHC complexes through the T cell receptor (TCR), a member of the multichain
immune recognition receptor (MIRR) family (12). The TCR is comprised of 1) the
transmembrane o and B chains, which are the components that specifically recognize
MHC-bound peptide ligand, ii) the associated transmembrane ¢, y, and o chains (termed
CD3), and iii) the { chain. The CD4 and CDS8 co-receptors stabilize the association
between the TCR and its ligand by binding cooperatively with the TCR to the MHC class
I and class II molecules, respectively (52). Immediately following TCR ligation, T cell
activation commences with the rapid recruitment and activation of upstream signaling
molecules. The first such molecules to arrive at the site of TCR activation are the Src
kinases, Lck and Fyn which tyrosine phosphorylate immunoreceptor tyrosine-based
activation motifs (ITAMs) on the intracellular domains of CD3g, v, 6, and TCRC (91).
This results in the recruitment and activation of the kinase, ZAP-70 which, upon binding
to the phosphorylated ITAMs, tyrosine phosphorylates several recruited adaptor
molecules, including SLP-76, LAT, Grb2, and Vavl (1). This early tyrosine
phosphorylation cascade leads to the initiation of several downstream signaling cascades
that are essential for sustained T cell activation and, ultimately, for T cell differentiation

and survival (Figure ).



Figure I. TCR-induced early tyrosine
phosphorylation cascade

Immediately following TCR binding
of antigen/MHC, the Src-kinases, Lck and
Fyn, are activated and phosphorylate ITAMs
on the intracellular domains of CD3g, vy, 6,
and TCRE. This results in the recruitment and
activation of ZAP-70.
(Nel 2002. J Allergy Clin Immunol 109:758)

Phosphatase
Domain

Assembly of the IS is necessary for sustained T cell signaling

The recruitment of signaling molecules to the TCR is not haphazard, as these
molecules soon form a molecular arrangement known as the immunological synapse (IS).
Utilizing fluorescently-labeled antibodies to identify signaling molecules known to
associate with the TCR, Monks, et al. demonstrated that, over several hours, signaling
and adaptor molecules spatially segregate at the site of TCR activation (49). Further
investigation of these spatially segregated supramolecular activation clusters (SMACs)
led investigators to define a central (cSMAC) zone and a peripheral (p-SMAC) zone,
resembling a bull’s-eye configuration (13, 49). The p-SMAC is characterized by a ring
of LFA-1 bound to its APC ligand, ICAM-1. It is believed that this interaction helps to
stabilize the IS (23, 49). In support of this hypothesis, reorganization of the actin
cytoskeleton accompanies formation of the IS, whereby the cytoplasmic tail of LFA-1 is
believed to bind directly to the cytoskeleton (38, 54, 65). The c-SMAC contains the
cytoplasmic molecules involved in T cell signaling, as well as the transmembrane co-
stimulatory molecule CD28 which is critical for naive T cell activation (23, 34). The

functional role of the c-SMAC is controversial and several models have been proposed.



Among these are that the c-SMAC may represent a polarized surface for which
biochemical interactions between signaling molecules can occur (50), or it may serve as
an enhancement to signaling by excluding and including particular enzymatic substrates
(21). Evidence supporting the latter model comes from the observation that several
signaling intermediates stably enter lipid rafts (membrane lipid microdomains) at the site
of the IS following TCR activation (87). Alternatively, some evidence suggests that the
c-SMAC ultimately serves to attenuate T cell activation by triggering TCR degradation
(26, 41). Finally, one report has suggested that sustained T cell activation can occur prior
to the maturation of the IS, suggesting that the IS forms subsequent to very early T cell
signaling events (42) (Figure 2).
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Figure 2. The mature
immunological synapse

Cross-section of the IS
showing the arrangement of receptors,
signaling molecules, and cytoskeletal
proteins in the p-SMAC and ¢c-SMAC.
(Nel 2002. J Allergy Clin Immunol
109:758)

T cell activation initiates several signaling pathways
Immediately downstream of early tyrosine phosphorylation events, are several
signaling cascades that lead to gene transcription. In one such cascade, phospholipase C
v1 (PLCy1) is recruited to the immunological synapse where it is phosphorylated.
Phosphorylation activates the PLCy1 enzyme, which cleaves phosphatidylinositol-4,5
biphosphate (PIP,) to generate inositol-1,4,5-trisphosphate (IP3). IP; releases Ca®” from
intracellular calcium stores in the endoplasmic reticulum, and this signal directly triggers

an extracellular Ca®" influx (4). T cell calcium flux activates calcineurin, which
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dephosphorylates the transcription factor, nuclear factor of activated T cells (NFAT), and
allows it to enter the nucleus where it activates the interleukin-2 (IL-2) promoter (54).
IL-2 is an autocrine growth factor of T cells. In another such signaling pathway, the
diacylglycerol-regulated protein, Ras-GRP activates the GTPase, Ras (p21ras). Ras
activation leads to activation of the ERK pathway, resulting in the expression of c-Fos, a
component of the heterodimer activator protein 1 (AP-1) transcription factor, involved in
the regulation of the IL-2 promoter (31). Another pathway involves CD28 co-stimulation
dependent activation of JNK1 leading to the phosphorylation of c-Jun, another
component of AP-1, which is also involved in IL-2 transcription (76). Additionally, a
pathway involving PI-3 kinase activation serves to anchor PLCyl and Vavl to the
membrane, thereby recruiting and activating the kinase, Akt, which is a critical mediator

of pro-survival signals (3) (Figure 3).
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The NF-kB pathway is crucial to the adaptive immune response

Perhaps the most critical TCR-induced signaling cascade is the one leading to
nuclear factor (NF)-«xB activation. NF-kB, and the aforementioned NFAT and AP-1, are
all required for optimal IL-2 production and cooperatively regulate the transition of a
naive resting T cell to an activated effector T cell. However, NF-kB activation also
triggers many other essential T cell functions, and activation of this transcription factor is
thus critical for adaptive immune function. Murine knockout studies of several key
upstream intermediates of the NF-kB pathway (to be discussed in more detail later in this
chapter) have demonstrated that a defect in the NF-xB pathway leads to a profound defect
in T cell proliferation and differentiation. More precisely, defects in the NF-kB pathway
prevent T cells from entering S phase of the cell cycle upon TCR stimulation (60). Once
activated, resting T cells enter S phase, at least in part, as a consequence of upregulation
of [L-2 and the IL-2 receptor a chain (CD25) (72). A defect in the NF-xB pathway
prevents the upregulation of IL-2 and CD25, with the cumulative effect being to prevent
the T cell from proliferating, differentiating, and gaining effector functions required for a
normal adaptive response (60, 61, 80, 89).

It is important to note that the NF-kB signaling pathway is not only involved in T
cell activation. In contrast, it is a ubiquitous signal transduction pathway found in a
variety of cell types. The signaling cascade begins at the cell surface when ligands bind
to specific cell-surface receptors. The cascade culminates with the activation of NF-xB
in the cell cytoplasm and its subsequent translocation to the nucleus (45). The NF-xB
family of transcription factors, including p65 (RelA) and p50, typically form

heterodimers upon activation and activate genes for promoters encoding cytokines,
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chemokines, stress-response proteins, and anti-apoptotic proteins (22, 45). The canonical
pathway to NF-kB activation proceeds through the trimeric IkB kinase (IKK) complex.
The IKK complex is composed of two catalytic subunits (IKKa and IKK ) and a
regulatory subunit (IKKy/NEMO) (45). Activation of the IKK complex allows IKKf to
phosphorylate inhibitor of (I) xB. IkB, in its unphosphorylated form, binds to and
sequesters the NF-kB heterodimer (p65/p50) in the cell cytoplasm. Phosphorylation of
IxB targets it for ubiquitination and subsequent degradation by the 26S proteasome (36),
thereby freeing NF-«B to translocate to the nucleus and bind target DNA (62) (Figure 4).

Figure 4. The classical NF-kB
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T (Ruland et al. 2003. Sem Immunol 15:177)
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The NF-kB pathway in lymphocytes is initiated by PAMPs, cytokines, and antigen
In the innate and adaptive immune responses, NF-kB activation is triggered by the
stimulation of specific cell-surface receptors. These receptors [Toll-like receptors
(TLRs), interleukin-1 receptor (IL-1R), tumor necrosis factor receptor (TNFR), B cell
receptor (BCR), and TCR] activate distinct signaling pathways that converge at the level
of the IKK complex (62). The cells of the innate immune system (e.g., macrophage,

neutrophil, dendritic cell, and natural killer cell) display TLRs on their surfaces that
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recognize pathogen-derived substances such as lipopolysaccharide (LPS), peptidoglycan,
lipoprotein, and double-stranded RNA (81). Such pathogen associated molecular patterns
(PAMPs) bind to TLRs, initiating a signaling cascade that recruits MyD88 and IRAK to
the plasma membrane. The ubiquitin ligase, TRAF6 is subsequently ubiquitinated and
activates the IKK complex (88). IL-1Rs and TNFRs are found on cells of both the innate
and adaptive immune systems and are triggered by binding various cytokines, such as IL-
1 and TNF. This pathway recruits TRADD and TRAF?2 to the plasma membrane, leading
to the activation of the kinases, RIP and MEKK3, and ultimately resulting in the
activation of the IKK complex (45) (Figure 5).

Figure 5. Multiple pathways to
NF-«B activation
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Interestingly, an alternative pathway to NF-kB activation has been recently

identified in which NIK kinase activates [IKKa, leading to the nuclear translocation of a



different NF-kB heterodimer, p52/RelB. This alternative pathway is triggered by the
cell-surface ligation of two members of the TNFR family, BAFF-R and CD40 (55).

BCRs and TCRs are found on B cells and T cells, respectively, and share similar
pathways that lead to IKK complex activation. Antigen-induced signaling through the
BCR and TCR results in NF-kB activation critical to growth and differentiation in both
cell types (62). While it has been generally accepted that CD28 co-stimulation
contributes to NF-kB activation in T cells (85), recent studies suggest that CD28 may
preferentially activate NF-kB through PI-3 kinase and Akt rather than through upstream
intermediates initiated by TCR ligation (34, 70). This suggests that TCR stimulation and
CD28 co-stimulation can be uncoupled with respect to NF-kB activation.

NF-kB cell signaling is linked to lymphoma

Interestingly, specific abnormalities in BCR signaling to NF-xB are linked to
lymphoma of mucosal B cells. Mucosa-associated lymphoid tissue (MALT) B cell
lymphoma was first described in 1983 by Isaacson and Wright (28) and, years later,
Isaacson observed that the primary etiologic agent for gastric MALT lymphoma is
chronic infection with Helicobacter pylori (29). One hypothesis is that T cell responses
to H. pylori antigens stimulate neoplastic growth of B cells (27), although it is also
possible that direct antigen stimulation of B cells is responsible for this pre-neoplastic
proliferation (16). MALT lymphomas, also known as marginal zone lymphomas (MZL),
have additionally been associated with chronic inflammatory conditions and autoimmune
diseases, such as bronchial-associated lymphoid hyperplasia in the lung and Sjogren’s
disease in the salivary glands (17, 75). MALT lymphoma arises as a consequence of

essentially two types of chromosomal translocations in mucosa-associated B cells of a



marginal zone phenotype. The t(11;18)(q21;q21) translocation is the most common
chromosomal abnormality (44) and results in the fusion of the apoptosis inhibitor-2
(API2) gene on chromosome 11 and the MALT1 gene on chromosome 18 (2). The
resulting API2-MALT]1 fusion protein can self-oligomerize and has deregulated ubiquitin
ligase activity, so as to bypass normal upstream NF-«B signaling and potently activate
NF-«B (2, 46, 84, 98). The t(1;14)(p22;q32) translocation relocates the entire coding
region of the Bcll10 gene from chromosome 1 to chromosome 14, placing it under the
control of the immunoglobulin heavy chain enhancer (93). The consequence of this
mutation is to upregulate Bcl10 expression (97), which may result in MALT1
oligomerization and enhanced or spontaneous NF-kB activation (16, 83). The net effect
of constitutive NF-«xB activation in MALT lymphoma cells may be to provide a survival

advantage to these malignant cells and/or to promote their proliferation (97) (Figure 6).

Translocation: t(1:14)(p22;q14) t(11;18)(g21;921) Fi gure 6. Chromosomal
translocations in MALT B
cell lymphoma

Product: Elevated Bcl10 levels API2-MALT1 fusion protein

Mechanism of action: The recurrent )
Bel1o chromosomal translocation

of t(1;14)(p22;q32) is
believed to result in
overexpression of Bcll10
leading to MALT]1
oligomerization and
excessive NF-«kB activation.
The t(11;18)(q21;921)
recurrent chromosomal
translocation leads to the
expression of the API2-
MALT]1 fusion protein that
is thought to result in the
potent activation of NF-xB
(Lucas et al. 2004. J Cell Sci
117:31)
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The antigen-dependent NF-kB pathway contains several unique signaling
intermediates
PKCO

Upon BCR and TCR ligation, and immediately following the early tyrosine
phosphorylation cascade, a PLCyl-induced Ca® flux activates protein kinase C (PKC)
(30). PKC is an important second messenger in lymphocyte activation and it exists in
several isoforms (o, B1, B2, v, 0, €, v, 0, {, and A) (7). Independent of the Ca’" flux, the
only PKC to be recruited to the IS upon TCR ligation is PKC6 (50). PKC8 is selectively
expressed in T cells and platelets (48) and it also plays a role in JNK activation and AP-1
transcription, leading to IL-2 production (92). PKC0’s critical importance to T cell
activation was established when it was reported that murine PKCO™ T cells are unable to
activate NF-kB following TCR stimulation. However, NF-kB activation as a
consequence of TNFR ligation is unaffected in these cells, demonstrating the specific role
of PKCO in TCR signaling to NF-xB (80). It is unclear, however, how PKC0 is recruited
to the IS and by what means it is activated, although it is known that the diacylglycerol-
binding C1 domains of PKCB are required for signal-induced membrane localization (8).
A recent report suggests that 3-phosphoinositide-dependent kinase 1 (PDK1) functions
upstream of PKCO and may recruit it to lipid rafts of the IS where it is phosphorylated
and activated (43). Previous evidence has suggested that PKCO may also be recruited to
the IS and IS-associated cytoskeleton by Vavl, a guanine nucleotide exchange factor
(GEF) for Rac-1, which is involved in cytoskeleton assembly (18, 86).

Immediately downstream of PKC8 activation is a trimeric complex of proteins (B

cell lymphoma 10 (Bcl10), mucosa-associated lymphoid tissue protein 1 (MALT1), and
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CARD-containing MAGUK protein 1 (CARMAL)) that is equally critical to T cell
activation. Murine Bcl10™” , MALTI1” , Or CARMAI1™" T cells are deficient in the TCR-
induced NF-kB pathway, leading to a failure of T cell activation, proliferation, and
differentiation (60, 61, 89). Bcl10, MALTI1, and CARMAI1 appear to behave similarly in
T and B cells. PKCP serves as the homolog to PKCH in B cells (64, 78) (Figure 7).

Figure 7. PKCHO is
recruited to the IS

Upon T cell
activation, several kinases
and adaptor proteins are
recruited to the IS. PKCO
is possibly recruited by
PDKI1 and/or by Vavl,
however, the mechanism
by which PKCH is
activated is unknown.
(Lucas et al. 2004. J Cell
Sci 117:31)

TCR Complax

Bcll0

Bcl10 was independently identified as a signaling intermediate (it is an adaptor
protein) in the NF-xB pathway several times and, as such, was initially given several
names (CLAP, CIPER, cE10, and CARMEN). Bcl10 has been shown to be ubiquitously
expressed in tissues, positively regulates lymphocytes, activates NF-kB, and possesses an
N-terminus that is a homolog to the equine herpesvirus-2 protein E10 (39, 60, 73, 82).
Homology studies of Bcl10 reveal that it has an N-terminal caspase recruitment domain
(CARD), followed by a region capable of binding MALT]1, and a C-terminus of unknown
homology that is rich in serines and threonines (46, 73, 82, 95) and is capable of being

phosphorylated (96). Deletion of the MALT1 binding site prevents MALT1 binding to



-12 -

Bcl10 and abrogates NF-«xB activation (46). Failure of RIP2, a CARD-containing
serine/threonine kinase, to phosphorylate Bcl10 correlates with defective TCR-induced
NF-«kB activation (59). Bcl10 preferentially interacts with other CARD-containing
molecules through its CARD and has been shown to interact with CARD9, CARDI10,
CARMAL1 (CARDI1), CARDI14, RIP2, and BinCARD (5, 6, 20, 47, 56, 59, 94). Though
each of these interactions has been reported to trigger or inhibit NF-xB activation, not all
of these molecules have formally been shown to influence T cell proliferation and IL-2
production, and their physiological role in T cell activation is thus uncertain. Bcll0 is
capable of self-oligomerization (through its CARD) (39) and interacts directly with and
mediates the oligomerization and activation of MALTT1 (46). Prior to T cell activation,
Bcl10 is predominantly cytoplasmic, but, upon TCR ligation, Bel10 is recruited to lipid
rafts of the IS by CARMAL (19). Bcll0 signaling may be downregulated by the
ubiquitin ligases, NEDD4 and Itchy, which target Bcl10 for degradation by the lysosomal
pathway (69). Additionally, the CARD-containing protein, BinCARD, has been shown
to interact with Bcl10, resulting in decreased amounts of phosphorylated Bcl10 and

potent suppression of NF-kB activation (94) (Figure §8).
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MALTI

MALT]1 (also called paracaspase) has been shown to be essential for T cell
activation, required for normal development in B cells, and critical for antigen-dependent
NF-kB activation in T and B cells (58, 61). MALT]1 is expressed predominantly in
peripheral blood mononuclear cells, but has been identified in multiple cell types at very
low levels. MALT1 has an N-terminal death domain, followed by two immunoglobulin
(Ig)-like domains, a region with homology to caspases (caspase-like domain), and a C-
terminal region containing two TRAF6 binding domains. MALTT interacts directly with
Bcl10 upon T cell activation and facilitates binding to Bel10 through its two Ig-like
domains (46, 84). MALTI activation is stimulated by and may require oligomerization,
and its activity is also dependent upon the presence of its C-terminus, which includes the
caspase-like domain and the TRAF6 binding sites (46, 79, 84). Following TCR
activation, MALT]1 is recruited to lipid rafts in the IS in a CARMA 1-dependent manner

and its caspase-like domain may interact directly with CARMAL1 (9) (Figure 9).

Death
Domain (DD)

TRAF6 binding sites

Bcl10 binding site Figure 9. Schematic of

MALTI

CARMAI
CARMAL1 (also known as CARD11 and Bimp3) is predominantly expressed in
lymphocytes (53), is necessary for antigen-dependent NF-kB activation in lymphocytes,

is required for normal development in B cells, and induces proliferation and IL-2
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production in T cells (14, 20, 53, 56, 89). CARMA1 is the only lymphocyte-specific
member of the membrane-associated guanylate kinase (MAGUK) family of scaffolding
proteins (14). MAGUK proteins are characterized by multiple protein-binding domains
(SH3, PDZ, and GUK). They are generally associated with the plasma membrane, where
they act as molecular scaffolds to bind membrane-associated receptors to intracellular
signaling molecules (15). CARMALI contains an N-terminal CARD, followed by a
coiled-coil (CC) domain, a PDZ domain, an SH3 domain, and a C-terminal GUK domain,
each of which is critical for its signaling function (33, 56). CARMALI is constitutively
associated with lipid rafts (19) and it binds directly to Bel10 through a CARD-CARD
interaction, facilitating recruitment of Bcl10 to lipid rafts upon T cell activation (6, 19, 20,
56). CARMALI has also been shown to recruit MALT]1 to the IS following TCR ligation
(9). Several lines of evidence, then, point to Bel10, MALT1, and CARMA1 as forming a
trimeric complex immediately downstream of PKC8 in the TCR-induced NF-kB pathway

(Figure 10).

Figure 10.

Schematic of CARMA1

Activation of the IKK complex
Recently, the trimeric complex of Bcl10, MALT1, and CARMAL has been shown
to activate the IKK complex. Oligomers of Bcl10/MALT1 bind to the TRAF6 ubiquitin
ligase via two C-terminal sites on MALT1 (79). The consequent oligomerization of
TRAFG6 is believed to facilitate the association of TRAF6 with a complex containing the
ubiquitin-conjugating enzymes Ubc13 and Mms2 (UevlA) (11, 25). CARMAI1 binds

directly to IKKy/NEMO, perhaps serving as a molecular scaffold to bring the
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Bcl10/MALT1/TRAF6 protein complex within biochemical proximity of the IKK
complex (74). Caspase 8 also appears to participate as a bridging enzyme that facilitates
the interaction between IKK and B¢cl10/MALT1/TRAF6 (77). Once these two protein
complexes are brought together, TRAF6 K63-polyubiquitinates IKKy/NEMO. By an
incompletely defined mechanism, this modification of IKKy/NEMO allows the TAK 1
protein kinase to phosphorylate IKKa and IKKp (79). It is hypothesized that Bcl10
serves to regulate the entire downstream process leading to IKK complex activation (99),
although it is still not understood precisely how Bcl10 is activated by upstream signals
(Figure 11).
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Summary of the TCR-to-NF-kB signaling pathway
The TCR-to-NF-kB signaling pathway, as it is currently understood, can be
summed up as follows. TCR ligation by peptide/MHC leads to an initial tyrosine
phosphorylation cascade that recruits PDK1 and Vavl1 to the immunological synapse.

PKCB0 is subsequently recruited to the IS, where it is activated, and may stimulate RIP2 to
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phosphorylate and activate Bcl10 (although this portion of the pathway remains quite

speculative). Bcll0 oligomerizes and binds to MALT1, inducing MALTI

oligomerization. Some data suggest that CARMAI recruits Bcl10/MALT]1 to the IS,

while the TRAF6 ubiquitinating complex binds to MALT1. In this model, CARMA1

also recruits the IKK complex to the IS by binding to IKKy/NEMO. In another (not

necessarily mutually exclusive) model, these molecular clustering events occur within

discrete cytoplasmic foci, called POLKADOTS (57, 66), which will be discussed in

detail below. Subsequent to these molecular clusterings of Bc110, MALT1, CARMAL,

and TRAF6, TRAF6 polyubiquitinates IKKy/NEMO, probably in a caspase 8 dependent

manner. Polyubiquitination of IKKy/NEMO allows TAK1 to phosphorylate IKKa and

IKKp. Activated IKKP then phosphorylates kB, targeting it for ubiquitination and

destruction by the 26S proteasome. Destruction of IkB unmasks a nuclear localization

signal, allowing NF-«kB to translocate to the nucleus where it binds to numerous gene

promoters, stimulating transcription (Figure 12).
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Figure 12. Summary of the TCR-to-NF-«kB
pathway

Antigen/MHC ligation of the TCR
leads to the activation of PKC0, through an
intermediate step involving PDK1 and,
possibly, Vavl. PKC0 signaling leads to
activation of a complex containing CARMA1,
Bcl10, MALT1, and TRAF6. The CARD-
containing kinase, RIP2 may phosphorylate
Bcl10, thereby activating the Bcl10 signaling
complex. In a caspase 8-dependent manner,
the TRAF6 ubiquitin ligase and the
UBC13/MMS?2 ubiquitin conjugating enzymes
activate the IKK complex via K63-
ubiquitination of IKKy. This leads to TAK1
phosphorylation of IKKa and IKKf. Activated
IKKP phosphorylates IkB, leading to
subsequent IkB proteolysis. NF-«B is freed to
translocate to the nucleus and bind promoter
sequences activating transcription. The
symbol X? indicates potential unknown
intermediates. (Schaefer, 2005)
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Previous studies

Previously, the principal investigator (PI) of this laboratory (66) sought to further
elucidate the molecular interactions at the c-SMAC of the IS following T cell activation
in vivo. Using primarily molecular imaging as a means of studying stimulated T cells, he
was able to demonstrate a complex relocalization of NF-kB signaling intermediates to the
c-SMAC. Molecular imaging methodology involves the use of fluorescently-tagged
proteins or fluorescently-labeled antibodies to examine protein localization within cells
using powerful and sophisticated microscopy. Molecular imaging has been used
successfully in the past to observe redistribution of T cell signaling intermediates at a
subcellular level (19, 49, 50), with the unique power of this approach being that signal
transduction can be observed within individual cells of a population (63). Biochemical
methods of elucidating signal transduction mechanisms require bulk cultures of cells and,
hence, cannot completely describe protein redistribution events (66).

The PI demonstrated that, upon T cell activation by APCs, PKC6 translocates to
the developing c-SMAC. Within several minutes, PKCO reaches maximal enrichment at
this site and then begins to slowly reverse. Concurrent with maximal enrichment of
PKC6 at the c-SMAC, Bcl10 oligomerizes into punctuate and filamentous structures
throughout the cytoplasm. These structures were termed punctuate and oligomeric killing
or activating domains transducing signals (POLKADOTS), because of their physical and
functional (i.e., signal transduction) similarity to death effector filaments formed by
specific mediators of apoptosis (71) (Figure 13). The Bcl10 POLKADOTS then migrate
to and become enriched at the c-SMAC. Also, Bcl10 POLKADOTS formation and

Bcl10 phosphorylation are abrogated by blocking PKC8 activation (66). From these data,
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the PI hypothesized that early PKC8 activation of Bcl10 occurs in the cytoplasm, but that
long-term stable signaling, which is required for continued T cell activation, may occur at
the mature c-SMAC (10, 66). Also, he hypothesized that Bc110 POLKADOTS are
functionally significant in NF-kB activation. Finally, the PI demonstrated the validity of

his molecular imaging approach and showed that fluorescently-tagged proteins behave

similarly to endogenous proteins in vivo.

Figurel3. Bcl10 forms
POLKADOTS upon T cell
activation

A.DI10 T cells
expressing Bcll10-GFP are
conjugated to CH12 B cells
(APC) in the absence of
antigen. Bcl10 remains diffuse
throughout the cell cytoplasm.
B. Conalbumin-loaded APCs
activate D10 T cells expressing
Bcl10-GFP. BcllO0 relocalizes
into punctuate and filamentous

i e . structures. (Schaefer et al.
No Antigen +Conalbumin (specific antigen) 5004, P4 é 101:1004)

Recently, a report from this laboratory was published that demonstrates the
functional importance of Bcl10 POLKADOTS in NF-kB activation (57). Utilizing a
combination of methodologies (molecular imaging, FRET analysis, and biochemistry) to
examine the nature of POLKADOTS, these structures were shown to form only under
conditions that permit NF-kB activation. Also, POLKADOTS were shown to be
enriched with Bcl10 oligomers and Bcel10 in close association with various signaling
partners, including MALT1, RIP2, CARMAI1, and TRAF6. From these data we
proposed a model for POLKADOTS structure and function, whereby POLKADOTS
contain tightly packed oligomers of Bcl10 and MALT1 that interact with other partner

proteins at the exposed surfaces of the structures. These protein clusters may serve as
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focal sites of dynamic information exchange between signaling intermediates of the NF-
kB pathway (57).
Specific Aims of this study

Building on the previous work of this laboratory, the purpose of this study was to
further elucidate the regulation of protein-protein associations by signaling intermediates
in the TCR-to-NF-xB pathway. This study proposed to specifically characterize the
molecular mechanisms of Bcll0-regulated interactions with its partner signaling proteins.
The study combined mutational analysis, molecular imaging, biochemistry, and
computer/bioinformatics modeling to completely describe the scientific findings.

Aim 1. To precisely define the binding site for MALT1 to Bcl10

A putative binding site for MALTI is believed to be located immediately
downstream of the N-terminal CARD of Bcl10 (46). While MALT1 may bind in this
general vicinity, the amino acid residues essential for binding have not been identified.
We hypothesize that the MALTI binding site extends upstream into helix 6 of the Bcll0
CARD, and it includes at least a portion of the binding domain that has been previously
characterized.

Aim 2. To map the N-terminal functional domains of Bcl10

Several CARD proteins have been reported to interact with the Bcl110 CARD to
activate NF-xB (e.g., CARD9, CARD10, CARMA1, CARD14, RIP2, and BinCARD) (5,
6, 20, 47, 56, 59, 94). Although CARDs have generally been thought of as domains
mediating only CARD-CARD interactions, a recent report has demonstrated that CARDs
are capable of binding non-CARD proteins (51). The Bcl10 CARD has three potential

binding faces, each comprised of two helices. No binding partners have yet been
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identified for the helix 5/6 face of any CARD protein. Additionally, there is no
information regarding which helical faces of Bcl10 are involved in interactions with its
partner CARD proteins. We hypothesize that the helix 5/6 face of the Bcll0 CARD is a
site of heterotypic (CARD-non-CARD) interaction with MALTI and, possibly, also a site
of homotypic (CARD-CARD) interaction with one or more CARD-containing binding
partners of Bell0).
Aim 3. To determine the function of the C-terminus of Bcl10

Bcl10 has not yet been crystallized, so its complete structure is unknown. While
it possesses an N-terminal CARD based on sequence homology, its C-terminus is of
unknown structure and function. We hypothesize that the C-terminus plays an important
role in the regulation of the ability of Bcl10 to activate NF-kB.

Significance of this work

By understanding the mechanistic relationships between Bcl10 and its partner
signaling proteins, new knowledge can be gained about Bcl10 regulation of the TCR-to-
NF-kB pathway. This study consists of a detailed structure/function analysis of Bcl10
that provides further information defining the regulatory domains of this key T cell
signaling intermediate. These data can be used to gain general insight into how protein
interactions within signal transduction cascades are regulated. Finally, the TCR-to-NF-
kB signaling pathway plays an important role in the pathogenesis of MALT lymphoma.
A thorough understanding of this signaling cascade may lead to the development of drugs
that can disrupt the signaling pathway at the level of a single molecular intermediate.
Such drugs could provide useful therapies for diverse pathologies including MALT

lymphoma, autoimmunity, and organ transplant rejection.



Chapter 2. Research Design
Aim 1. To precisely define the binding site for MALT1 to Bcl10

A putative binding site for MALTI is believed to be located immediately
downstream of the N-terminal CARD of Bcl10 (46). While MALT1 may bind in this
general vicinity, the amino acid residues essential for binding have not been identified.
We hypothesize that the MALTI binding site extends upstream into helix 6 of the Bcll0
CARD, and it includes at least a portion of the binding domain that has been previously
characterized.

Rationale (Aim 1)

Mutational analysis and subsequent biochemical analysis are standard
experimental approaches for studying the molecular basis of protein function. Other
methods of protein evaluation include reporter assays, molecular imaging, and
computer/bioinformatics modeling of potential functional domains. Taken together, the
data derived from such experimental analyses would be expected to yield a significant
amount of knowledge about the structure and function of Bcl10. These data could then
be used to support the data gained from a crystallized Bcl10. Currently, this lab is
collaborating with Drs. Sangwoo Cho and Roy Mariuzza at the University of Maryland
Center for Advanced Research in Biotechnology (CARB) to generate a Bcl10-MALT1
co-crystal and to determine precisely how these two molecules interact.

For the experiments in this Aim, the methods above were used to study Bcl10 in a
systematic way. Heavy emphasis was placed on Bcl10 amino acid mutation (point

mutation and deletion) as a means of disrupting normal Bcl10 function. By observing the

221 -
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altered phenotype of mutated Bcl10, inferences about Bel10’s normal structure and
functional interactions with other proteins were made.
Experimental Design (Aim 1)
Bcll0 mutagenesis
In this Aim, Bcl10 mutations encompassed the putative MALT1 binding domain
(amino acids (aa) 107-119) (46) and a region immediately upstream of this domain. PCR
site-directed mutagenesis is a commonly used method of generating amino acid
mutations in cDNA. This method proved to be a straightforward and relatively rapid way
of generating both point mutations and deletion mutations. In the case of point mutations,
only inter-species conserved residues were targeted for mutation and the type of mutation
was intended to alter the biochemical properties of the wild-type residue. For example,
hydrophobic residues were changed to the polar lysine (K) and charged residues were
changed to the uncharged alanine (A). All Bel10 mutant cDNAs were cloned into a
murine stem cell virus (MSCV) cloning vector for ease of assembly and sequence
verification. An added feature of the MSCV vector used was the presence of a GFP gene
fused to the C-terminus of the Bcl10 gene. Hence, this plasmid encoded a Bcl10-GFP
fusion protein that could be directly visualized by epifluorescent microscopy. Most
Bcl10 mutant cDNAs were then subcloned into a Moloney murine leukemia virus
(MMLYV) retroviral vector, which also includes a G418-selectable marker, to facilitate the
production of stable T cell lines and follow-on biochemical experiments.
T cell microscopy
The T cell line used in this Aim, D10 (described in Methods), has a TCR that

recognizes conalbumin peptide in the context of MHC H-2*. For this reason, the APCs
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used to activate D10 T cells were conalbumin-loaded CH12 H-2"-positive B cells. Once
retroviral plasmids encoding mutant forms of Bcl10-GFP had been generated, they were
used to stably infect D10 T cell lines. Mutant D10 T cells were first evaluated for their
ability to express GFP by fluorescence-activated cell sorting (FACS) analysis. The
degree to which the cells expressed GFP gave an indication of the efficiency of mutant
Bcl10 expression and, we believe, the expression levels also provided some insight into
whether the Bcl10 mutant was influencing D10 cellular physiology. Mutant D10 T cell
clones were conjugated to CH12 B cells in order to provide the most physiological form
of antigen stimulation to the T cell. Once T cells were activated by antigen, they were
examined for POLKADOTS microscopically. With this approach, we were able to infer
changes in the interaction between Bcl10 and MALTI1 by observing changes to the
expected phenotype of POLKADOTS formation.
Immunoblotting

Western blotting (immunoblotting) was used as the readout for most of the
biochemical experiments in this Aim. Following the cellular expression of Bel10 mutant
proteins and their testing within the context of a given experiment, proteins recovered
from cell lysates were electrophoretically separated on a denaturing polyacrylamide gel
(SDS-PAGE). Using this method, proteins were separated by molecular size and
detected with specific antibodies. Bcll10-GFP is a relatively large protein (60kDa) and
can be detected using one of the many Bcl10 antibodies that have been generated

specifically for this purpose.
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Calcium-phosphate transfection

For each of the biochemical experiments used in this Aim, Bcl10 mutants were
transiently transfected into HEK-293T cells. This cell line was particularly conducive to
transfection using a modification of a calcium phosphate method (32). The purpose of
transfection was to introduce large amounts of foreign DNA into the cell line to
transiently induce high levels of expression of the encoded genes. The 293T cells were
used in lieu of D10 T cells because much higher levels of expression could be achieved in
293T cells, enabling biochemical analysis.

Bcll0-CARMA co-transfection assay

To demonstrate that the mutations made in the Bcl10 CARD did not affect the
structure and function of the CARD, 293T cells were co-transfected with mutant Bcl10-
GFP and CARMAL. If a given Bell10 mutation were to result in an improperly folded
CARD, then a mutant phenotype that appeared to impair MALT1 binding might actually
be the result of a damaged CARD. Bcl10 phosphorylation has been shown to result from
its functional interaction with CARMA1 through its CARD (20). In this assay, Bcl10
phosphorylation, subsequent to CARMAI interaction, was evaluated by recovering the
293T cell lysates, separating the proteins by SDS-PAGE, and probing the blots for the
presence of phosphorylated Bcl10.

Bcll0-MALTI co-immunoprecipitation assay

Co-immunoprecipitation was used to assess the relative ability of various Bell10
mutants to interact with MALT1. A given mutation was determined to be in the MALT1
binding domain if mutant Bcl10 could no longer complex with MALT1 compared to

wild-type Bcll10 and if it was determined to have an intact, properly folded CARD via the
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CARMALI1 co-transfection assay. Following co-transfection of 293T cells with 3xHA-
tagged mutant Bcl10-GFP and FLAG-tagged MALT1-AC (aa 2-344), cell lysates were
recovered and subjected to a modified co-immunoprecipitation method (24). Only the N-
terminus of MALT1 was used in these experiments, since the N-terminus contains the
two Ig-like domains that interact with Bcl10 and since this truncated MALT1 protein can
be expressed at much higher levels than the full-length MALT1. Bcll0-MALT1 protein
complexes were captured using an antibody to FLAG and recovered on Protein G
sepharose. The co-immunoprecipitated proteins were denatured, separated by SDS-
PAGE, and identified by immunoblot using an antibody to the 3xHA epitope tag.
NF-kB luciferase reporter assay

Following co-transfection of 293T cells with mutant Bcl10-GFP and NF-kB
luciferase assay reporter vectors (described in Methods), cell lysates were recovered and
subjected to a luciferase assay and accompanying B-galactosidase assay (Promega). The
luciferase assay was used to measure the relative NF-«xB activity of the Bcl10 mutants,
while the B-galactosidase assay was used to measure the relative efficiency of
transfection, thus serving as an internal control. If a given mutation abrogated NF-kB
activity, then the interpretation would be that either the mutation had impaired the ability
of Bcl10 to bind to MALT1 or the mutation had altered the overall structure of Bcll0,
such that the protein was no longer properly folded. The CARMAI1 co-transfection assay,
examining the functional interaction between Bcl10 and CARMA1, was used to
discriminate between these two possibilities. Bell0 mutants that abrogated NF-xB
activity, but could still interact with CARMA1 (as assessed by Bcl10 phosphorylation),

were interpreted to be mutations that impaired the ability of Bel10 to bind to MALTI. In
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contrast, mutations that abrogated both NF-«B activation and CARMA 1-dependent Bcl10
phosphorylation, were interpreted to be mutations that disrupted the folding of the Bel10
CARD.

Taken together, the T cell POLKADOTS imaging, the CARMA1 co-transfection
assay, the MALT1 co-immunoprecipitation assay, and the NF-«xB luciferase assay,
provided strong data indicating which amino acids of Bcl10 are critical for MALT1
binding and Bcl10-mediated NF-kB activation.

Aim 2. To map the N-terminal functional domains of Bcl10

Several CARD proteins have been reported to interact with the Bcl110 CARD to
activate NF-kB (e.g., CARD9, CARD10, CARMA1, CARD14, RIP2, and BinCARD) (5,
6, 20, 47, 56, 59, 94). Although CARDs have generally been thought of as domains
mediating only CARD-CARD interactions, a recent report has demonstrated that CARDs
are capable of binding non-CARD proteins (51). The Bcl10 CARD has three potential
binding faces, each comprised of two helices. No binding partners have yet been
identified for the helix 5/6 face of any CARD protein. Additionally, there is no
information regarding which helical faces of Bcl10 are involved in interactions with its
partner CARD proteins. We hypothesize that the helix 5/6 face of the Bcll0 CARD is a
site of heterotypic (CARD-non-CARD) interaction with MALTI and, possibly, also a site
of homotypic (CARD-CARD) interaction with one or more CARD-containing binding
partners of Bell0.

Rationale (Aim 2)
The experimental rationale for this Aim is very similar to that described in Aim 1.

Mutational analysis, biochemical examination, and computer/bioinformatics modeling
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were used to further elucidate the structure and function of B¢ll0. In this Aim, however,
molecular imaging was not incorporated because the data derived from this method were
felt to be redundant with the data generated in Aim 1 and would, therefore, not
significantly extend the knowledge of Bcll10 biology.
Experimental Design (Aim 2)
Computer modeling and Bcll() mutagenesis
In this Aim, a computer threading model (40) was used to generate a structure for

the Bcl10 CARD based upon previous X-ray crystallographic data of the structure of the
APAF-1 and procaspase-9 CARD domains. This threading model was used to predict the
positions of solvent-exposed amino acid residues in the Bcl10 CARD. This computer
model was evaluated against the experimental evidence to determine precisely where
MALTTI binds to Bcl10. Also, Bcl10 mutations were restricted to the helices 5/6 of the
Bcl10 CARD, as predicted by the computer threading model. As in Aim 1, PCR site-
directed mutagenesis was used to generate Bc110 mutant cDNAs which were cloned into
the MSCV vector. Only Bcll10 point mutants (no deletion mutants) were generated for
this Aim. The MMLYV retroviral vector was not used in this Aim because D10 T cell
infections for molecular imaging were not needed. Also, for this reason, FACS analysis
to determine GFP expression was not used.

Co-immunoprecipitation, CARMAI co-transfection assay, and NF-kB luciferase assay

Immunoblotting continued to be an important method for visualizing the mutant

Bcl10 proteins following biochemical manipulation. Co-immunoprecipitation was used to
determine which mutations impaired the binding between Bcl10 and partner proteins.

The CARMALI1 co-transfection assay was used to determine which mutations disrupted
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proper folding of the Bcl10 CARD. And the NF-kB luciferase assay was used to
determine whether mutations that abrogate Bcll0-partner protein interactions also
abrogate NF-«kB activation.

Taken together, these experiments identified which amino acids were necessary
for Bcl10 CARD interaction with partner proteins. To some degree, these studies also
allowed for verification and refinement of the computer-predicted model of the helix 5/6
region of the Bcl10 CARD.

Aim 3. To determine the function of the C-terminus of Bcl10

Bcl10 has not yet been crystallized, so its complete structure is unknown. While
it possesses an N-terminal CARD based on sequence homology, its C-terminus is of
unknown structure and function. We hypothesize that the C-terminus plays an important
role in the regulation of the ability of Bcl10 to activate NF-kB.

Rationale (Aim 3)

As in Aims 1 and 2, Bcl10 structure and function were examined via creation and
analysis of Bcl10 mutants. In this Aim, mutational analysis, biochemical examination,
and molecular imaging were used to gain information about the C-terminus of Bcl10.
Currently, there are no proteins that are known to interact with the Bcl10 C-terminus,
therefore, co-immunoprecipitation experiments were not performed. Also, since
bioinformatics approaches have identified no conserved domains in Bcl10, C-terminus
computer modeling could not be used to gain insight into the possible structure of this

large region.
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Experimental Design (Aim 3)
Bcll0 mutagenesis and T cell microscopy

In this Aim, Bcl10 mutants were generated that collectively spanned the entire C-
terminus downstream of the Bcl10 CARD, including the putative MALT1 binding site
(46). Asin Aims 1 and 2, PCR site-directed mutagenesis was used to generate Bel10
mutant cDNAs which were cloned into the MSCV vector. Only Bcll0 deletion mutants
were generated for this Aim. Also, Bcl10 mutant cDNAs were subcloned into MMLV
retroviral vectors for D10 T cell infection and subsequent fluorecence imaging.

Bcll0 phosphorylation assay and NF-kB luciferase assay

Immunoblotting was used to visualize the results of Bcl10 phosphorylation
experiments performed for this Aim. Bcll0 phosphorylation is believed to be an
indicator of NF-«xB activation and the C-terminus of Bcl10 is capable of being
phosphorylated (59, 66) (and the work described herein). Because Bcll10
phosphorylation has been shown to be the result of functional interaction with CARMAL
(20), phosphorylation of Bcl10 may play a role in Bcll0-mediated signal transduction.
To determine whether the C-terminus regulates the activity of Bcl10, progressive Bcll0
C-terminal truncations were generated and tested for their ability to be phosphorylated in
DI10 T cells. Mutant Bcl10 D10 T cells were stimulated in vitro by cross-linking their
TCRs with immobilized anti-TCR (aTCR) antibody in six-well plates. Following a 1 hr
incubation in these plates, D10 T cell lysates were recovered, proteins were separated by

SDS-PAGE, and blots were probed for the presence of phosphorylated Bcl10.
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The results of these experiments provided important information about how Bel10
phosphorylation is regulated. The NF-kB luciferase assay was also used to test the

relative NF-kB activation potential of each of the Bcl10 deletion mutants.



Chapter 3. Experimental Results
Deletion of the MALT1 binding domain of Bcl10 abrogates POLKADOTS
formation
We began our structural/functional study of Bcll10 by deleting the MALT1

binding site (amino acids 107-119) as described by Lucas, et al (46) (Figure 14). We
generated a Bcl10 wild-type (WT) plasmid construct fused to GFP at its C-terminus and,
using PCR site-directed mutagenesis, we made a Bcl10-AMALT1 plasmid construct
(which deletes the previously defined minimal MALT1 binding site, from aal07-119)
also fused to GFP. We predicted that the resulting Bcl10-WT-GFP and Bcl10-AMALT1-
GFP fusion proteins would be successfully expressed in T cells based upon our previous
work with similar Bcll10-fluorescent protein fusions (66). We stably infected a D10 T
cell line with either Bcl10-WT-GFP or Bcl10-AMALT1-GFP, stimulated the cells in the
presence of conalbumin-loaded CH12 B cells, and observed the cells using epifluorescent
microscopy. For the Bcl10-WT-GFP D10 T cells, we observed the expected
POLKADOTS pattern typical of Bcl10 oligomerization following antigen stimulation
(66). Similarly, Bcl10-WT-GFP T cells that were not activated with antigen
demonstrated a diffuse GFP pattern indicative of inactive Bcl10 that had not undergone
oligomerization (66). For the Bcl10-AMALT1-GFP D10 T cells, we observed a diffuse
GFP pattern both with and without antigen stimulation. This phenotype was also
expected in light of our recent findings that Bcl10 oligomerization occurs cooperatively
with MALT]1 oligomerization (57). In the Bcl10-AMALT1-GFP D10 T cells, MALTI1
could no longer bind to Bcl10 and, hence, could not influence Bcl10 oligomerization

(Figure 15).

-31 -
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Figure 14. Bcl10 functional domains

This is a representation of the Bcl10 gene and its functional domains as they are currently
understood: an N-terminal CARD based on homology studies, a 13 amino acid MALT1 binding domain as
described by Lucas, et al (46), and a C-terminus of unknown function that can be phosphorylated.
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failed to form Bcl10 POLKADOTS. (Rossman et al. 2006. MBC)
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We wanted to assure ourselves that the absence of POLKADOTS in Bcl10-

AMALTI-GFP D10 T cells was not due to a lower expression of the mutant, relative to
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the wild-type. We FACS sorted Bcl10-WT-GFP D10 T cells and identified a subclone
(Bcl10-WT-GFP-Dull) with low uniform expression of Bcl10-WT-GFP that was
comparable to the expression level in the Bcl10-AMALT1-GFP cell line. When we
activated these cells with antigen, we observed faint POLKADOTS consistent with the
lower expression of the GFP fusion protein. Hence, fusion protein expression levels do
not influence POLKADOTS formation (data not shown).
The downstream amino acids of the MALT1 binding domain of Bcl10 are not
critical for POLKADOTS formation
To isolate the amino acids essential for MALT1 binding to Bcl10, we made point
mutations of inter-species conserved amino acid residues within and immediately
upstream of the MALT1 binding region (Table 1). For these experiments, we generated
single or multiple amino acid point mutants of Bcl10. We substituted charged residues
with alanine (A) and hydrophobic residues with lysine (K) in expectation of disrupting
protein-protein interactions at the site of each mutation. These mutations included

conserved residues of Bel10, spanning aal05 to aall7.
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Table 1. MALTI
binding site
mutations alignment

The inter-
species conserved
residues aal05-119
are represented, with
the consensus
sequence below. An
X indicates no
consensus at that
position. Listed
below are each of the
Bcl10 point mutants
we generated for this
region, with the
specific amino acid
substitution(s)
indicated.

Following generation of clonal D10 T cell lines with these constructs, we

stimulated the cells in the presence of CH12 B cells as described above. We identified

three Bcl10 point mutants that could not form POLKADOTS upon T cell activation:

L106K, LLL106,111,114KKK (LLL>KKK), and KKK105,110,115AAA (KKK>AAA).

We felt that the negative POLKADOTS phenotype for the LLL>KKK mutant was likely

due to the L106K mutation, but that the KKK>AAA negative POLKADOTS phenotype

could not be accounted for by a single point mutation. It was interesting to us that no

single point mutation in the aal07-119 MALTI1 binding region resulted in a negative
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POLKADOTS phenotype. Also, now we had identified one mutation (L106K) upstream

of the putative MALT1 binding site that failed to form POLKADOTS (7able 2).

Bcl0-GFP Construct NF-kB Activation POLKADOTS formation
WT ++++ Y
tALTI - M
k1084 +++ A
L106k - il
F107A +H++ x
M 105A +4+++ A
K104 + i
L1711k ++ ¥
EH112.1138A ++ Y
L1174k +H++ Y
K154 ++ Y
5118k +H++ Y
L1117k +H++ Y
k108 110, 1 15484 - M
LLLT06,111, 114Kk - M

++++ = 75% WT activation
+++, 50% - 75% WT activation
++, 29% - S0% WT activation
+10% - 22%WT adivation

-, Leszthan 10% WT activation

Y, yes Mono ME, not examined

ndicates & minority population of cellswith POLKADOTS that are amaller and lezzintense than WT

Table 2. Few
residues in the
MALTI binding
site are required for
POLKADOTS
formation

DIOT
cells expressing
Bcl10-GFP
constructs were
conjugated to APCs
bearing 250pg/ml
conalbumin and
imaged by
fluorescence
microscopy. Bcll0
POLKADOTS
formation was
scored Y or N on
the basis of an
overwhelming
majority of cells
observed in a field
of 20 or more
conjugating pairs.

POLKADOTS formation correlates with NF-kB activation by MALT1 binding

domain mutants of Bcll10

Next we wanted to see if our microscopic POLKADOTS findings correlated with

NF-«B activation. We transiently transfected Bcl10-WT-GFP, Bcl10-AMALT1-GFP,

and the collection of Bcl10-GFP point mutants into 293T cells along with an NF-xB

luciferase reporter vector system. Although Bcll0 is endogenously expressed in 293T

cells, we expected our overexpressed constructs to preferentially influence the 293T

cells’ endogenous signaling machinery. Also, consistent with previously published data



-36 -

(46), we observed that overexpression of functional Bel10 is sufficient to stimulate NF-
kB activation in the absence of a receptor-generated signal, presumably due to
overexpression-induced Bcl10 oligomerization. We found that, relative to NF-xB
activation of Bcl10-WT, NF-«B activation for Bcl10-AMALT]I, -L106K, -LLL>KKK,
and -KKK>AAA were nearly undetectable. The remaining Bcl10 point mutants, on the
other hand, were able to activate NF-kB, to varying degrees (Figure 18). These findings
were consistent with our observations that Bcl110-AMALTI, -L106K, -LLL>KKK, and —
KKK>AAA could not form POLKADOTS subsequent to T cell activation, while Bel10-
WT and the remaining Bcl10 point mutants could form POLKADOTS (7able 2). These
data were further evidence of the strong correlation between NF-kB activation and
POLKADOTS formation.

Regarding the unusual KKK>AAA phenotype, we observed that the individual
mutations of K105A, K110A, and K115A resulted in a slight reduction in NF-xB
activation, but that the additive effect of the mutation of the three lysines together
completely abrogated NF-«xB activation (Figure 16). Perhaps the structure of Bcl10 in
this region makes the charges of three lysines collectively important, but not individually
important.

To assure ourselves that the level of Bcl10 protein overexpression in the 293T
cells was not influencing the degree of NF-kB activation, we immunoblotted cellular
lysates and probed for the presence of Bel10. We found that Bcl10 expression by
immunoblot did not correlate with changes in NF-kB activation by luciferase assay.
Hence, protein expression level does not account for differences in NF-kB activation by

these mutants (data not shown).
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Figure 16. Few residues in the MALT1 binding domain are required for NF-kB activation

293T cells were transiently transfected with a Bell0-construct and NF-kB luciferase assay reporter
vectors. After 48 hrs, cell lysates were recovered and assayed for NF-«kB activation as measured by fold
luciferase increase relative to reporter vector, alone and transfection efficiency. Relative to the Bcl10-WT
positive control and the Bel10-dMALT1 negative control, three null Bcl10 mutants were identified: L106K,
KKK>AAA, and LLL>KKK. Each Bcll0-construct was assayed in triplicate and error bars represent the
standard deviation.

Only the upstream portion of the MALT1 binding domain is critical for
POLKADOTS formation and NF-kB activation

To confirm that the downstream amino acids of the MALT1 binding domain are
not critical for POLKADOTS formation and NF-«xB activation, we made progressive
deletions of the MALT1 binding domain. In a manner analogous to the generation of
Bcl10-AMALT1-GFP, we generated Bcl10-deletion 7 (D7)-GFP, Bcl10-D8-GFP, and
Bcl10-D9-GFP. D7 truncated Bcl10 at amino acid 118, D8 at amino acid 114, and D9 at
amino acid 106 (Figure 17). The D7-D9 designation accounted for previous deletions
(D1-D6) of the C-terminus made in our lab, which will be discussed later in this chapter.
Also, D9 was equivalent to a construct that was previously shown not to bind to MALT1

(46).
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Figure 17. MALTI binding domain deletions
D7 truncated Bcl10 at amino acid 118, D8 at amino acid 114, and D9 at amino acid 106.

We again generated D10 clonal T cell lines with our constructs and observed
them microscopically for POLKADOTS following antigen stimulation. Bcl10-D7-GFP
and Bcl10-D8-GFP formed POLKADOTS in response to antigen stimulation, while
Bcl10-D9-GFP did not. Similarly, we found that, relative to NF-kB activation of Bcl10-
WT, NF-«kB activation of Bc110-D7 and —D8 was high, but NF-kB activation of Bcl10-
D9 was undetectable (Figure 18). Additionally, we co-immunoprecipitated FLAG-
tagged MALT1 with 3xHA-tagged Bcl10-WT, -D7, -D8, and —D9. For these
experiments, we used a MALT1 N-terminal-only construct that contained the Ig-like
domains required for binding to Bel10, which was highly expressed in 293T cells, and
which had been used previously in similar experiments (46). Compared to its interaction
with Bel10-WT, MALT1 was able to interact with D7 and D8 to a similar degree,
however, it was unable to interact with D9 at all (Figure 19). Hence, because of the tight
correlation between POLKADOTS formation and Bcl10-MALTT interaction (and, to
some degree, NF-kB activation), we reasoned that amino acids 107-114 were likely to be
critical for MALT]1 binding to Bcl10, whereas amino acids 115-119 were likely to be

dispensable for MALT1 binding (Figure 17).
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: Figure 18. Only aportion of the MALT1
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Figure 19. Residues downstream of aal 14 are not critical for MALT1 interaction with Bcl10

293T cells were co-transfected with a 3xHA-tagged Bell0-construct and FLAG-MALT1. After
48 hrs, cell lysates were recovered and subjected to 1pug anti-FLAG antibody capture and 20ul Protein G
sepharose recovery. Following protein separation by SDS-PAGE, immunoblots were probed with anti-HA
antibody. Bcl10-WT revealed two bands (the upper band being phosphorylated Bcl10). Bcl10-D7 and —
D8 interacted strongly with MALT1, while —D9 failed to interact. Based on previous studies, 3xHA-Bcl10
protein expression, as revealed in the anti-HA immunoblot below, did not correlate with the degree of
MALTI interaction.

The helix 5/6 face of the Bcl10 CARD lies adjacent to residues critical for MALT1
binding to Bcl10
Having now identified a significantly smaller amino acid region critical for

MALT]1 binding, as well as a critical point mutant (L106K) upstream of this region, we
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hypothesized that the remainder of the MALT1 binding domain must lie within the Bel10
CARD. We based this hypothesis on the knowledge that Ig-like domains typically bind
to large patches on target proteins. Hence, a small peptide such as aal07-114 would
appear to be too short to accommodate the two Ig-like domains of MALT1. Since we
were reasonably certain that binding did not occur downstream of this region, we
reasoned that the remainder of the binding site had to be upstream and into the Bcl10
CARD.

We began our study of the Bcl10 CARD by using a computer threading program
to generate a predicted 3-dimensional model of the CARD, using the solved crystal
structure of procaspase-9 (accession number 3GYS) as the modeling template. The
threading program successfully generated a 3-dimensional model of a Bel10 fragment
(aal3-aal10) containing the Bcl10 CARD. Examination of this model revealed the
predicted six alpha helices surrounding a hydrophobic core. Using this model, we
determined that helix 6 lies immediately adjacent to L106K, one of our null mutants.
Also, our predicted model suggested that there are potentially three binding faces of the
Bcl10 CARD: helix 1/4, helix 2/3, and helix 5/6 (Figure 20). Previous analyses of
CARD-CARD interactions based on X-ray crystallographic data have suggested that the
helix 1/4 and helix 2/3 faces are involved in such interactions (90). Currently, there are
no known examples of protein-protein contacts involving the helix 5/6 face of any CARD
protein (although there are very few crystal structures available for analysis). From these
observations, we hypothesized that the actual MALT1 binding site might include all or
part of the helix 5/6 face. Our next set of Bcl10 mutations thus encompassed the helix

5/6 face.
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: Figure 20. Schematic of the
 —_——— = XAl oo Bcl10 CARD

Helix 6
\ e / The six alpha helices of
\ Helix 5 the Bcl10 CARD with the three
\ helical binding faces are

H¥lix 1

represented, as predicted by
computer homology modeling.
thlx 2 (Lambert et al. 2002.

Bioinformatics 18:1250)
@ Helix 2/3 face
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\ / Helix 3

MALTT1 interacts with residues in the helix 5/6 face of the Bcl10 CARD

At this point in our analysis of the MALT1 binding domain of Bcl10, we slightly
modified our experimental approach. While we confirmed that Bcl10-AMALT1
abrogated POLKADOTS formation and NF-kB activation, we also demonstrated that a
previously characterized mutant, Bcl10-G78R, similarly affected POLKADOTS
formation and NF-kB activation. Bcl10-G78R is known to destabilize the Bcl10 CARD
(39) and it is likely that this structural change led to the phenotype we observed. Hence,
it was possible that the phenotype of the Bcl10 point mutants we generated within the
Bcl10 CARD might also be accounted for by a critical CARD structural change, rather
than a direct effect on MALT1 binding. To discriminate between these two possibilities,
we examined the ability of our Bcl10 point mutants to interact directly with MALT1 (by
co-immunoprecipitation assay, as we had done previously for the D7-D9 mutants), and
we also evaluated their ability to functionally interact with the CARD of CARMAL (a

distinct binding partner of Bcl10).
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For this set of mutations, we targeted inter-species conserved amino acid residues
that were predicted to be solvent-exposed, based on our threading model of the Bel10
CARD (Table 3). We tried to avoid mutating any residues that might destabilize the
CARD structure (i.e., residues that might be involved in intramolecular helix-helix
interactions within the CARD). These Bcll10 point mutants were generated as before and
included residues from the amino acid region 80 to 104. A previously generated double-
point mutant, DE101,102VV, was also included in this analysis, since this mutant
included two hydrophilic residues in helix 6. However, it is important to note that, based
on our threading model of the Bcl10 CARD, only D101 lies exposed on the helix 5/6 face,

while E102 may be involved in a stabilizing interaction with K17 in helix 1 (data not

shown).
Helix 5 Helix & Table 3. Helix 5/6

a0 62 &4 &5 @ o o2 o4 95 o8 o e qpe Mmutations alignment
Mouse LDTLYVESIRREKTOSFLIQKITDEWL ~ The inter-
Humman LOTLYWESIRREKTONFL QK I TDEWL SpGplesconserved
Feat LDTLYESIRREKTOMNFLIOKITDEWL re51duesaa80—104are
Chicken LDALYES I ERERTAONFLLGOK I TD | wL Crepresented, withthe
Fugu LDALTDS IREMRSQMNF | | TK | TDEYQ COnsensussequence

below. An X
Consensus LDEL?ES|RKXE£Q§F}L$K|TD}W5indicatesno
Sohentexposure * ¥ * T - _— consensus at that
position. Listed

e A below are each of the
Esgg%i - 8 Bcll10 point mutant§
Koo, A we genera}ted for this
Q528 " region, w1th the '
La5k K speqﬁc amino acid
|96k K substitution(s)
QuTA A indicated.
KogA A
199K K
10048 A
DETO, 1024 Yoy
WT03K K

Three Bcl10 mutant subsets were represented in this region of mutagenesis:

(going from C-terminus to N-terminus) helix 6, the loop that connects helix 6 to helix 5,
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and helix 5. We identified five null mutants of Bcl10 (based NF-«B activation) from
helix 6: L95K, 196K, 199K, DE101,102VV, and V103K. We identified one Bcl10 null
mutant from the helix 5/6 loop: Q92A, and we identified two Bcl10 null or highly
impaired mutants from helix 5: D80A and E84A (Figure 21).

Luciferase Fold Increase

0 2 4 i a 10 Figure 21. Several residues
WT in the helix 5/6 face of the Bcl10
CARD are required for NF-xB
AT activation
293T cells were
i DE0A transiently transfected with a
= Eqdn Bcl10-construct and NF-xB
% luciferase assay reporter vectors.
R&7A After 48 hrs, cell lysates were
recovered and assayed for NF-
% g’ KA kB activation as measured by
R L2 h, fold luciferase increase relative
to the reporter vector, only and
g LS5k transfection efficiency. Relative
= |GEK to the Bcl10-WT and Bcl10-
T dMALTT1 controls, eight
Q8T A mutants from the helix 5/6 face
failed to activate or were highly
impaired in activation of NF-xB
':E' ) D 20 3:' 4-0 5-0 Eﬂ (D80A, E84A, Q92A, LI5K,
W 196K, 199K, DE101,102VV, and
V103K). G78R was used as a
dAMALTI negative control in this study.
GTRR Each Bcl10-construct was
assayed in triplicate and error
KoBA bars represent the standard
QoK deviation.
i)
= T100A,
T
T DETM, 1020y
W03k

We co-immunoprecipitated FLAG-tagged MALT1 with 3xHA-tagged Bcl10-WT,
-AMALTI, several of the null Bcl10 mutants (From helix 5: D80A; From the helix 5/6
loop: Q92A; From helix 6: 196K, DE101,102VV, and V103K; From the minimal

MALT]1 binding site: L106K and KKK>AAA) and several of the positive Bcl10 mutants
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(From helix 5: R87A; From helix 6: Q97A and T100A; From the minimal MALT1

binding site: R107A, EH112,113AA, and K115A) that we had generated. First, as a

control, we co-immunoprecipitated various MALT1 constructs with Bcl10-WT (Figures

22 & 23). To ensure that our co-immunoprecipitation studies were specific for the

interaction between the Ig-like domains of MALT1 and Bcl10, we observed the ability of

Bcl10 to interact with MALT1 Ig-like domain deletion constructs. We observed that, as

expected, Bcl10 can only interact with the Ig-like domains of MALT1.

Figure 22. MALTI deletion

. constructs
MALTT (Wild-type):| DD Caspase These constructs were
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generated as described in
Methods. The MALT1-DD-only
and MALT1-dN constructs
lacked the Ig-like domains
required for binding to Bcl10.

MALT1 -l { caspase @@7

Figure 23. Bcll0 interaction with
MALT]1 is specific for the Ig-like
domains

293T cells were co-
transfected with 3xHA-tagged Bcll0-
WT or -dMALTI and various FLAG-
MALT1 constructs. After 48 hrs, cell
lysates were recovered and subjected
to 1ug anti-FLAG antibody capture
and 20ul Protein G sepharose
recovery. Following protein
separation by SDS-PAGE,
immunoblots were probed with anti-
HA antibody. Compared to MALT1-
N-only, MALT1-DD-only and
MALTI1-dN failed to capture Bcl10-
WT.
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Having co-immunoprecipitated FLAG-tagged MALT1 with the 3xHA-tagged
Bcl10 constructs listed above, we found that, with the exception of the null mutant Q92A,
MALTI could not capture any of the null Bcl10 mutants. However, MALT1
successfully pulled down Bel10-WT and the positive Bcl10 mutants (although it
interacted weakly with Bcl10-T100A). Hence, eight point mutations within the CARD
are critical for MALT1 binding and, from these data, we concluded that MALT1 can bind
to helix 5 and helix 6 of the Bcl10 CARD (Figure 24 & Table 4).  Also, in general, there
is a correlation between NF-kB activation and MALT1 binding. However, for the two
mutants, Q92A and T100A, this correlation was not strong, thus suggesting that other

activities regulated by this region may contribute to NF-«xB activation.
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Figure 24. MALT] interacts with residues from Bel10 helices 5 & 6

293T cells were co-transfected with a 3xHA-tagged Bcll0-construct and FLAG-MALTI1. After
48 hrs, cell lysates were recovered and subjected to 1pg anti-FLAG antibody capture and 20ul Protein G
sepharose recovery. Following protein separation by SDS-PAGE, immunoblots were probed with anti-HA
antibody. FLAG-MALT1 successfully captured the positive mutants: Bcl10-WT, -R87A, -Q97A, and -
T100A. Although no T100A band is visible in this image, multiple experiments revealed a weak Bcl10-
T100A band. FLAG-MALT]1 failed to capture the null mutants: Bel10-dMALTI, -D80A, -196K, -
DE101,102VV, and -V103K. Unexpectedly, FLAG-MALTI1 strongly interacted with the null construct,
Bcl10-Q92A.
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CARMA1 Table 4. NF-xB
Bell0-GFP Construct | NF+«B Activation MALT1 IP | phosphorylaion  activation correlates
WT +H++ ' i with MALT]I binding
dALTI - M M as assessed by co-
G7aR - ME M immunoprecipitation
DE0A - M B With the
EB4A + ME ME exception of mutant
FE7A ++++ ¥ b4 Q92A, Bcll10 mutants
ka0A, +++ ME MNE that failed to activate
Qo924 - ¥ b4 NF-kB could not be
L9ak H ME ME captured by FLAG-
|96k - M M MALTI.
QE7A ++ b hd
K304 +++ ME ME
(95K - ME ME
T1004 ++++ e ak) i
DOE102 105 - M M
Y103k - M M

4+, = TE%WT activation

+++, 80% - 75% WT activation
++, 25% - S0% WT activation

+, 0% - 25%WT adivation

-, Lesz than 10% WT activation
W, yes; M, no; ME |, not examined

Several Bel10 CARD mutants retain the ability to functionally interact with
CARMAL1 and are, therefore, properly folded

Next, we performed experiments to measure the relative ability of the Bel10 point
mutants to functionally interact with CARMA1. These experiments were performed by
co-transfecting 293T cells with CARMAT and our various Bcl10 mutants,
immunoblotting the cell lysates, and probing for the presence of phosphorylated Bcl10.
Work from this laboratory previously demonstrated that TCR engagement stimulates the
formation of a more slowly migrating form of Bcl10 as assessed by immunoblot. This
slowly migrating form of Bcl10 is phosphorylated, as demonstrated by A-phosphatase
treatment (66). The rationale behind these experiments is that, when CARMAI interacts
with Bcel10, it induces Bcl10 activation and phosphorylation (20). Our results showed

that, relative to Bcl10-G78R (described above), most of our mutations supported efficient
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Bcl10 phosphorylation by the CARMAT1 co-transfection assay. However, mutants
DE101,102VV and V103K could not be successfully phosphorylated (<5% of WT levels).
In addition, mutants Q92A and 196K appeared somewhat deficient in Bcl10
phosphorylation, although these differences were not statistically significant. Importantly,
D80A, 196K, L106K, and KKK>AAA clearly retained the ability to be efficiently
phosphorylated upon interaction with CARMA. Therefore, the Bcl10 CARD is properly
folded and our conclusions regarding the extended MALT1 binding site, including the

Bcl10 CARD (helices 5 and 6), appear to be valid (Figures 25, 26, & Table 4).

Fhosphonylated Bl MNon-phosphonylated B0
0 1 2 3 q 5
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GT8R
dMLALT
Dia0a,

RETA

Qs2a

(96K

asra

T100A

DETOT, 1020
WI03K

L1086k
R10TA,
EH112,11304
k11548
EEKIO5110,11580.8

Healix &

Helix 6

Minirmal MALTI
Binding site
(previously defined)

Figure 25. Overall, Bell0-constructs do not disrupt the Bel10 CARD

293T cells were co-transfected with a Bel10-construct and CARMAL. After 48 hrs, cell lysates
were recovered and separated by SDS-PAGE. Immunoblots were probed with anti-Bel10 antibody and
visualized following incubation with an HRP-conjugated secondary antibody. Bcl10 protein bands were
imaged with a Fuji LAS-3000 CCD camera system and quantified using MultiGauge 3.0 software (Fuji).
The relative intensities of phosphorylated Bcll0 to unphosphorylated Bel10 were measured in triplicate for
each Bcll0-construct. Error bars represent the standard deviation. Relative to the Bcl10-WT positive
control, only two mutants (DE101,102VV and V103K) resulted in a significant reduction in CARMA1-
mediated phosphorylation of the Bcl10 CARD.
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Figure 26. A representative immunoblot from the CARMA1 co-transfection assay

For each Bcl10 construct represented (WT, G78R, dMALT1), the experiment was performed in
triplicate. On the immunoblot, the upper band was phosphorylated Bcl10 and the lower band was
unphosphorylated Bel10.

+CARMAT
2xHA-Bo10-GFP Construct: W GTER AfA LT
Phos-Bel10 —. - - — e —
ECHI:I—-" - . . B

The MALT1 binding domain of Bcl10 extends upstream of aal07 and includes the
helix 5/6 face of the Bcl10 CARD

Taken together our data suggest that the Bcl10 binding domain for MALT1 is not
confined to amino acid region 107-119, as previously described, but is minimally defined
by the amino acid region 80-114, and is predominantly located within the helix 5/6 face
of the Bcl10 CARD. This much larger region might be better expected to accommodate
the two Ig-like domains of MALTT that are known to bind to Bcl10 (46, 84).
Additionally, the DEVL region of this domain appears to play a role in stabilizing the
Bcl10 CARD.

This binding region also includes a portion of a CARD, which is commonly
assumed to allow only homotypic (CARD-CARD) interactions. To date, only one other
group has identified a CARD-containing protein, ARC (an apoptosis inhibitor), that can
interact with non-CARD proteins through its CARD (51). However, the portion of the
CARD used by ARC to bind to non-CARD proteins was not defined in this study. There
are over 40 known proteins that contain a CARD (including Bcl10) and the current
literature suggests that none of them can engage in heterotypic (CARD-non-CARD)

Interactions.
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The MALT1 binding domain is likely to be distinct from the CARD-CARD binding
domain of Bcl10

The results of the Bcl10-CARMAT1 co-transfection assay, also suggested to us that
the 5/6 face of the Bcl10 CARD may not be the site of CARMA1 binding. Because the
majority of the mutants were able to interact with CARMA1 and were robustly
phosphorylated, it is extremely unlikely that CARMAT binds at this site. This finding is
also consistent with the literature that describes CARD proteins as interacting through
their 1/4 and 2/3 faces (90). Perhaps, the 5/6 face of the Bcl10 CARD only permits
CARD-non-CARD interactions, as suggested by our MALT1 binding data. This raises
the intriguing possibility that Bcl10 can complex with multiple proteins coordinately.
Further point mutations to the helix 1/4 and 2/3 faces of the Bcl110 CARD would be
required to confirm this binding distinction, and this work is ongoing in the lab.

The Bcl10 C-terminus negatively regulates POLKADOTS formation

We were struck by an interesting phenotype of two of our mutants, Bcl10-D7-
GFP and Bcl10-D8-GFP. When we introduced these mutations into D10 T cell clones
and visualized POLKADOTS using microscopy, we recognized that these mutants
robustly formed POLKADOTS even in the absence of T cell activation (i.e. without
antigen stimulation). These spontaneous POLKADOTS continued unabated following
T cell activation, and these mutants could also still activate NF-kB as assessed by
luciferase assay. This led us to consider that the C-terminus of Bel10 may suppress the
ability of Bcl10 to form POLKADOTS. Since we were unsure how much of the C-
terminus was involved in this suppression, we made several progressive Bcl10 C-terminal

truncations, ultimately encompassing the entire C-terminus. From C-terminus to N-
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terminus, we generated Bcl10-D1 (216), -D2 (195), -D3 (175), -D4 (155), -D5 (135), -D6

(122), -D7 (118), -D8 (114), and ~D9 (106) (Figure 27).
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Figure 27. Bcl10 C-terminal deletions
The deletions 1-9 truncated Bcl10 at the sites indicated.

We examined each of these deletion mutants for the presence of POLKADOTS in
activated D10 T cells and found that only Bcl10-D9 failed to form POLKADOTS. We
also examined each for spontaneous POLKADOTS formation in inactivated D10 T cells
and found that only Bcl10-D7 and Bcl10-D8 formed spontaneous POLKADOTS. Next,
we examined all of the deletion mutants for relative NF-kB activation by luciferase assay
and found that only Bcl10-D9 entirely failed to activate NF-xB, although Bcl10-D3
varied between substantial impairment to apparent failure to activate NF-xB (Figure 28).
We are still in the process of determining whether the D7 and D8 mutants show
spontaneous NF-«kB activation in T cells, which might be expected given their
spontaneous POLKADOTS formation phenotype. From these data, we hypothesized that

a regulatory region lies between D7 and D6, below which spontaneous POLKADOTS
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largely cease to occur. These observations are consistent with previous findings that
suggest that Bc110 may self-oligomerize and thereby induce MALT1 to oligomerize and
activate NF-kB (39). The region bounded by D7 (aal18) and D6 (aal22) may normally

prevent this oligomerization from occurring spontaneously.

Luciferase Fold Increase Figure 28. Progressive deletion of the Bel10
- 10 = 2 2 Y C-terminus reveals two potential regulatory
WT domains
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dAMALT with a Bel10-deletion construct and NF-«xB

0 luciferase assay reporter vectors. After 48 hrs,
cell lysates were recovered and assayed for NF-
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D7 represent the standard deviation.
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The Bcl10 C-terminus may be the direct target of Bcl10 phosphorylation

A recent study demonstrated that Bcl10 is capable of being phosphorylated at
serines 218 and 231 (encompassed by Bcl10-D1) of the Bcl10 C-terminus (96). And in
our NF-«xB luciferase assay, Bc110-D3 failed to reliably activate NF-xB. Since Bel10
phosphorylation is partially correlated with Bel10 activation, and the significance of
Bcl10 phosphorylation is unknown, we decided to examine whether our deletion mutants
might effect Bcl10 phosphorylation. We activated Bel10-D1 to Bel10-D6 D10 T cell
clones in six-well plates on immobilized o TCR antibody for 1 hr, immunoblotted the cell
lysates, and probed for phosphorylated Bcl10. We found that Bel10 phosphorylation,
relative to Bcl10-WT, was abolished upstream of Bcl10-D3. Hence, the C-terminus
downstream of amino acid 175 is required for Bcl10 phosphorylation. However, even in

the absence of this region, Bcl10 could still activate NF-xB (7able 5).
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Bcl10-GFP Construct Bcll0 phosphorylation Table 5. The Bcll0 C-terminus is
WYT ki phosphorylated
A ALT 1 i D10 T cells expressing
01 Y Bcl10-constructs were stimulated on
02 ¥ 100pg/ml plate-bound anti-TCR
03 v antibody for 1 hr. Cell lysates were
04 m recovered, denatured, and separated
by SDS-PAGE. Immunoblots were
DS L probed with anti-Bcl10 antibody and
D i visualized following incubation with
o7 ME an HRP-conjugated secondary
Dg MNE antibody. Evidence of Bcl10
09 ME phosphorylation subsequent to D10 T

Y,owes M, ono ME, not examined

cell stimulation is observed

downstream of aa 175 (D3).

To summarize our findings: MALT]1 is capable of binding to the helix 5/6 face of

the Bcl10 CARD; other CARD-containing binding partners of Bcl10 are likely to bind to

the helix 1/4 and 2/3 faces of the Bcl10 CARD; the Bcl10 C-terminus aal18-122

negatively regulates POLKADOTS formation; and the Bcl10 C-terminus downstream of

aal75 regulates and/or contains the specific sites of Bcl10 phosphorylation (Figure 29).
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Chapter 4. Discussion

A critical signal transduction pathway in T lymphocytes that begins with the
ligation of the TCR and leads to the activation of NF-«kB has only recently begun to be
elucidated. While several key signaling intermediates in this pathway have been
identified, the details of how they interact with one another to transmit the signal from the
activated TCR to NF-«B is largely unknown. Bcll0 is an adaptor protein that is found in
a variety of cell types and that is known to play a central role in T cell activation. It
directly connects the upstream signaling components of the TCR-to-NF-«kB pathway to
the downstream signaling components. How Bcl10 propagates the activation signal
along the pathway is not known.

Additionally, the crystal structure of Bcl10 has not been solved. Through
homology to other proteins, Bcl10 has been described as possessing an N-terminal
CARD, but, conversely, it has a C-terminus bearing no similarity to any other protein.
Following its activation by an unknown mechanism through PKC6, Bcl10 is thought to
associate with and regulate a key signaling complex comprised of CARMA1 and
oligomers of MALT1 and TRAF®6 (9, 20, 57, 74). Precisely how Bcl10 interacts with its
partner signaling proteins remains speculative, but it is currently believed that Bel10
binds to partner CARD proteins through its CARD and interacts with MALT1 through a
thirteen amino acid region located between the CARD and the C-terminus (5, 6, 20, 46,
47,56, 59, 94). The purpose of this work has been to characterize the functional domains
of Bcl10 in order to elucidate the mechanisms by which Bel10 functions to regulate the

activities of its signaling partners.
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We began our study of Bcll0 by deleting the previously described thirteen amino
acid (aal07-aal19) MALT1 binding domain (46). We demonstrated that deletion of this
domain abrogates Bcl10 interaction with MALT1 as measured by Bcl10’s ability to form
POLKADOTS and its ability to activate NF-kB by luciferase assay (Figures 15 & 16).
Next, to identify the specific amino acids responsible for the interaction of Bcl10 with
MALTI1, we mutagenized conserved residues in the MALT1 binding region. We were
surprised to find that no single mutation was critical for binding and, yet, we had
identified one mutation (L106K) upstream of the originally defined binding site that
critically affected binding ( Table 2, Figure 16). To confirm these findings, we made
progressive C-terminal deletions through the MALT1 binding domain to isolate the
amino acids most essential for MALT1 binding to Bcl10. Utilizing microscopy, NF-xB
luciferase assay, and co-immunoprecipitation, we identified a region upstream of aal 14
that appeared to be essential for MALT1 binding (Figures 18 & 19). Once again, the
data placed the binding region further upstream than had previously been described. Also,
because this newly defined region appeared to be too small to accommodate the two Ig-
like domains of MALT]1 required for binding to Bcl10, we reasoned that the rest of the
binding site must lie further upstream, extending into the Bc110 CARD.

We began our study of the Bcl10 CARD by creating a 3-D homology-based
model of the CARD. We used a computer program (40) to predict a structure for the
CARD and to align it with the Bcl10 protein sequence (Figure 20). From this model, we
identified a 5/6 helical face that could serve as a binding site for MALT1. In addition,
this helix 5/6 face was predicted to lie immediately adjacent to the region that we had

already defined as being essential for MALT1 binding.
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We mutagenized conserved residues of the helix 5/6 face that were also predicted
to be solvent-exposed, based on our computer model. Using the NF-kB luciferase assay,
we identified eight point mutants essential for MALT1 binding to Bcll0 (Figure 21). To
confirm these findings, we co-immunoprecipitated several of the mutants (some critical
for MALTI1 binding and some not) with FLAG-MALT]1 (Figure 24). We found that,
with the exception of one critical mutation (Q92A) that should not have interacted with
MALT]I, the rest of the mutations behaved as expected (7able 4). Hence, mutations that
disrupted the MALTT1 binding site could no longer interact with MALT1, while
mutations that had no effect on the MALT1 binding site continued to interact with
MALTI1. With these data, we now had several lines of evidence suggesting that MALT1
binds upstream of aal 14 and to the helix 5/6 face of the Bc110 CARD.

We were concerned, however, that the mutations we had generated in the CARD
might, in fact, have destabilized the CARD. A misfolded Bcl10 CARD could also
account for the inability of mutants to bind to MALT1 and fail to activate NF-kB. Using
a co-transfection assay, we examined the mutant CARD for its ability to functionally
interact with CARMA1 (a CARD-containing protein) via the induction of Bcl10
phosphorylation. We found that only two of our mutations (DE101,102VV and V103K)
resulted in significant impairment of CARMA 1-mediated Bcl10 phosphorylation (Figure
25). Hence, we reasoned that these two mutants had no direct impact on MALT1 binding
and, instead, acted to stabilize the CARD structure. Since the majority of our mutants
successfully interacted with CARMAL, the Bcl10 CARD appeared to be functionally

intact and our observations regarding MALT1 binding appeared to be valid.
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We still had to account for two mutations for which the data was not as we had
expected. For mutant Q92A, which could not activate NF-kB, but could strongly interact
with MALTI and for mutant T100A, which could potently activate NF- B (and could
form POLKADOTS), but could only weakly interact with MALT]1, there were various
possible explanations of the data. One plausible explanation is that there may be an
additional binding partner that stabilizes the interaction between Bcl10 and MALTI,
which is variably affected by our point mutants. In this case, the TI00A mutant would
appear to interact poorly with MALT1, because the hypothetical binding partner was not
included in the co-transfection. Indeed, CARMAI1 is a known binding partner of both
Bcl10 and MALTT1 (6, 9, 19, 20, 56), and this protein might be expected to play such a
role. Alternatively, perhaps there is an activation-induced conformational change of
Bcl10, which is variably affected by the point mutants, and which is required for NF-xB
activation by the Bcl10-MALT1 complex. In this case, the Q92A mutant might still bind
to MALTI1 (and CARMAL1), but be unable to transduce an activating signal to NF-xB,
due to its inability to undergo this hypothetical conformational change. A distinct
possibility is that certain mutations (e.g., Q92A) affect the ability of Bcl10 to oligomerize.
Since evidence suggests that oligomerization is required for Bel10-mediated activation of
NF-kB (39, 46), a mutation that allows MALT1 and CARMA1 binding to the Bcl10
CARD, but prevents CARD-dependent oligomerization, would be predicted to fail to
activate NF-kB. The above and similar hypotheses could explain the unexpected
behavior of the Q92A and T100A mutants. Subjecting more of the mutants to co-
immunoprecipitation with FLAG-MALT1 would better elucidate precisely how MALT1

interacts with Bcl10 in this region, and these studies are in progress.
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In light of our observation that MALT1 (a non-CARD protein) was able to bind to
the Bcl10 CARD, and that this binding was physiologically significant, we considered
whether CARD-containing proteins could also bind to this region. The results of the
CARMAL1 co-transfection assay (Figure 25), suggested to us that CARMA1 does not
bind to the helix 5/6 face. The ability of CARMALI to strongly interact with the majority
of the helix 5/6 mutants, makes it very unlikely that CARMA1 binds to this region.
Hence, the helix 5/6 face of the Bcl10 CARD appears to be a site of heterotypic (CARD-
non-CARD) protein interactions, rather than a site of homotypic (CARD-CARD) protein
interactions. These data led us to reason that, consistent with the literature (90), Bcl10
homotypic (i.e., CARD-CARD) protein interactions likely occur at the helix 1/4 and helix
2/3 faces. This raises the possibility that Bcl10 can coordinately interact with partner
proteins heterotypically and homotypically, possibly resulting in the generation of a
multimeric protein signaling complex.

Finally, we examined the C-terminus of Bcl10 to elucidate a function for this
uncharacterized region. As we were studying the deletion mutants for their ability to
bind to MALT1, we noticed that two of the mutants (D7 and D8) were able to form
POLKADOTS in the absence of T cell activation. Since deleting the C-terminus allowed
POLKADOTS to form spontaneously, we hypothesized that the C-terminus may
negatively regulate POLKADOTS formation. To address this hypothesis, we made
progressive C-terminal truncations of Bcl10, starting with amino acids farthest
downstream and ending with aal06 (D9), and examined them for POLKADOTS
formation and NF-kB activation by luciferase assay (Figure 28). We determined that

spontaneous POLKADOTS cease to occur downstream of D6 (aal22) and that NF-xB
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activation is somewhat impaired downstream of D6. From these data, we reasoned that a
regulatory element lies in the region between D6 and D7 (aal18) that prevents
spontaneous POLKADOTS formation, perhaps through a conformational change
associated with Bcl10 oligomerization, and that may also modulate NF-«kB activation.

We further evaluated a potential regulatory role for the C-terminus by examining
the D1-D6 truncations for their ability to be phosphorylated (7Table 5). Bcll0
phosphorylation is partially correlated with Bcl10 activation and we now had data
suggesting that the C-terminus may modulate NF-kB activation. Subsequently, we
identified a site downstream of aal75 that affects both NF-kB activation and Bcl10
phosphorylation, and may serve as a second regulatory site.

We have hypothesized that phosphorylation of the C-terminus may contribute to,
but is not absolutely required for, a conformational change that unmasks a region of
Bcl10 that is required for NF-«xB activation (e.g., the C-terminus physically masks part of
the Bcl10 CARD, until the C-terminus is phosphorylated, thereby triggering a
conformational change that unmasks the CARD). When the region containing the
phosphorylation domain is deleted, the conformational change, and consequent NF-kB
activation, is much less efficient. However, when the majority of the C-terminus is
deleted, the masking domain is no longer present, so Bcl10 can again be fully activated,
even in the absence of phosphorylation.

Taken together, our data has allowed us to: (1) identify a novel binding site for
MALTT1 in the Bcll0 protein; (2) suggest that this binding site is distinct from the binding
sites of other (CARD-containing) Bcl10 binding partners; and (3) propose two potential

regulatory functions for the C-terminus of Bcl10. These results highlight the complex
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biology of Bcl10 and serve to broaden the scope of investigation necessary to fully
understand the molecular mechanisms that facilitate signal transduction by this critical

protein intermediate in the TCR-to-NF-«kB pathway.
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Chapter 5. Experimental Methods
Methods (Aim 1)
Cell lines and tissue culture

The murine T cell clone, D10-IL2, was utilized for these experiments. D10-IL2 is
an IL-2-dependent subclone of the CD4" T cell clone D10 G4 (37). It is maintained in
Click’s (EHAA) media supplemented with 10% fetal bovine serum and the cytokine,
IL-2. In experiments requiring APCs, the CH12 H-2"-positive B cell line (35), derived
from a murine B cell lymphoma, was used and maintained in Click’s without added
cytokine. For transient transfections, HEK-293T (293T; human embryonic kidney) cells
were utilized and maintained in DMEM media supplemented with heat-inactivated 10%
fetal bovine serum and 1% Penicillin G/Streptomycin sulfate/Gentamycin
sulfate/Glutamine (PSGG) supplement.

Antibodies and reagents

Conalbumin protein was purchased from Sigma. Bcl10 was detected with a rabbit
polyclonal primary antibody (H-197) (Santa Cruz Biotech), followed by an HRP-
conjugated anti-rabbit secondary antibody (Jackson ImmunoResearch). Bcl10 constructs
fused to the 3xHA epitope tag were similarly detected with a rabbit polyclonal anti-HA-
tag antibody (Y-11) (Santa Cruz Biotech). In immunoprecipitation experiments, FLAG
epitope-tagged MALT1 was captured with a mouse monoclonal anti-FLAG antibody (M2)
(Sigma) followed by Protein G sepharose (Pharmacia).

Generation of plasmids
The cDNAs encoding murine Bcl10 and MALT1 were obtained from IMAGE

consortium expressed sequence tag (EST) clones (Invitrogen and ATCC). The CARMAL
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cDNA was a gift from J. Pomerantz (Johns Hopkins University) and D. Baltimore
(Caltech). Green fluorescent protein (GFP) was fused to the C-terminus of MSCV-
Bcl10-wild-type (WT) in a modified method as described by Schaefer, et al (66) (Figure
30). FLAG-MALTI-AC (pcDNA3-F-MALT1-YCit A/K) was generated by
HindIII/Notl digestion of F-MALT1-YCit-A/K with insertion into pcDNA (Invitrogen).
MSCV-Bcl10-GFP-AMALT]1 was generated by PCR amplification of Bcl10 using sense
primer (Aaal07-119) 5’-GAAAAGCTTAGCAGCTGTGAGCCCTTT-3’ and anti-sense
primer (#2438) 5’-GATACGCGTCCTTGGCGTGAAAGAGCCCGTGACCGTAA-3".
The resulting fragment was digested with HindIII/Mlul. MSCV-Bcl10-GFP was digested
in two parts with Ncol/Mlul and Ncol/HindIIl. The PCR fragment and the two MSCV
fragments were 3-part ligated at the HindIII/Mlul site. MSCV-Bcl10-GFP-
DE101,102VV was generated by PCR amplification of Bel10 using sense primer (#2437)
5’-GGGCCATGGAGGCTCCCGCACCGTCCCTCA-3’ and anti-sense primer 5’-
GAAAAGCTTTAGCACCACAACCGTTATCTTCTGAATC-3’. The resulting
fragment was digested with Ncol/HindIII. MSCV-Bcl10-GFP was digested in two parts
with Ncol/Mlul and Mlul/HindIII. The PCR fragment and the two MSCV fragments
were 3-part ligated at the Ncol/HindIII site. MSCV-Bcl10-GFP-L95K, —I96K, —Q97A, -
KO98A, -I99K, -T100A, and -V103K were generated by PCR amplification using sense
primer #2437 and a sequence-specific anti-sense primer. The PCR fragment was

digested with Ncol/HindIII and ligated into MSCV-Bcl10-EcoRI/Notl linker-GFP to

obliterate the redundant HindIlII site in the plasmid. MSCV-Bcl10-GFP-K105A, -L106K,
-R107A, -N108A, -K110A, -L111K, -EH112,113AA, -L114K, -K115A, -KKK>AAA,

and -LLL>KKK were generated by PCR amplification using sense primer #2437 and a
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sequence-specific anti-sense primer. The PCR fragment was digested with Ncol/Stul and
ligated into MSCV-Bcl10-GFP at that site. MSCV-Bcl10-GFP-deletion 7 (D7) and —
deletion 8 (D8) were generated by PCR amplification using sense primer #2437 and a
Bcl10 truncated oligomer (D7=aal19, D8=aal 15) anti-sense primer. The PCR fragment
was digested with Ncol/Mlul and ligated into MSCV-Bcl10-GFP at that site. MSCV-
Bcl10-GFP-deletion 9 (D9=aal(07) was generated by digestion of pQE30-Bcl10-CARD-
GFP with Ncol/Notl and insertion into MSCV-Bcl10-GFP. MSCV-3xHA-Bcl10-GFP-
WT, -AMALTI, -DE101,102VV, -196K, -Q97A, -T100A, -V103K, -L106K, -R107A, -
EH112,113AA, -K115A, and -KKK>AAA were generated by digestion of pENeo-
3xHA-TSG101-YCit with BgllI/Ncol and insertion of the sequence encoding Met-3xHA
into the previously generated MSCV Bcl10 mutant to position the 3xHA tag directly
upstream of the starting methionine of each mutant cDNA. The pENeo-3xHA-Bcl10-
GFP-D7, -D8, and —D9 were generated by digestion of MSCV-3xHA-Bcl10-GFP-WT
with Ncol/Notl and insertion of the sequence encoding Met-3xHA into the previously
generated pENeo Bcl10 mutant to position the 3xHA tag directly upstream of the starting

methionine of each mutant cDNA. All PCR-amplified mutations were sequence verified.
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Figure 30. MSCV-Bcl10-
GFP cloning vector

Retroviral construction and infection
For infection of D10 T cells, all MSCV Bcl10 mutant constructs were subcloned

into the MMLYV retroviral vector, pENeo (67), at the BglII-NotlI restriction site (Figure
31). The replication defective pENeo vector was calcium-phosphate transfected (32) into
HEK-293T cells with an ecotropic packaging plasmid (pCL-Eco) to enable virus
production as follows. Six-well plates were coated with poly-D-lysine (100pg/ml in H,O)
to promote adherence of the 293T cells. The wells were washed six times with 1xPBS
just prior to plating the cells at a density of 6x10°cells/well in 1ml of DMEM. Plates

were cultured overnight at 37°C/5%CO, . At the time of transfection, the growth medium

was replaced with 1.5ml of warmed (37°C) Iscove’s modified Dulbecco’s medium

(IMDM, Gibco/BRL), and the calcium phosphate precipitates of plasmid DNA were
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added. The precipitates were made by preparing a mixture of 2.4ug of retroviral plasmid
DNA, 0.6pg of pCL-Eco helper plasmid, 7.5ul of 2.5M CaCl,, and sterile H,O to a final
volume of 75ul. To this mixture, 75ul of 2x Hepes (140mM NacCl, 1.5mM NaPO,,
50mM Hepes, pH 7.05) solution was added. After exactly 1min, the mixture was dripped
onto the cells. The cells were incubated with the DNA precipitates at 37°C/5%CO, for
24hr and then the medium was replaced with 2ml DMEM. The transfected cells were
then incubated at 37°C/5%CO, for another 20-24hr and the retrovirus-containing
supernatant was harvested into 15ml sterile conicals and stored at 4°C until used for
infections.

The infection (spinfection) protocol used for D10 T cells was as follows. In a
sterile 15ml conical, 1x10° D10 T cells were spun down at 500 rcf x 5min in 1ml of IL-2-
supplemented Click’s media. The supernatant was aspirated and replaced with 2ml of
viral supernatant. The mixture was ejected into a well of a 24-well plate and 2l of
polybrene was added. The plate was centrifuged at 1200 rcf for 2hr, after which the cells
were resuspended and placed in a sterile 15ml conical. The conical was spun at 500 rcf x
Smin, the supernatant was aspirated, and the cells were resuspended into a 25ml flask
containing 7ml of IL-2-supplemented Click’s media. After culturing the cells at
37°C/5%CO; for 48hr, 1ug/ml of G418 antibiotic was added. Survival of successfully

infected cells was confirmed after five days of positive selection.
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) Figure 31. pENeo retroviral vector

FACS analysis

Mutant D10 T cells were screened by FACS within 7-14 days of retroviral
infection. Cells were concentrated to1x10%ml by centrifugation and resuspended in
400ul FACS buffer (1x PBS, 2% FBS, 0.1% NaN; in H,O). Using a FITC filter (also
capable of detecting GFP), wild-type (no GFP) D10 T cells were gated on auto-
fluorescence and designated as the first decade on a FACS-generated histogram.
Subsequent samples of mutant D10 T cells were run against the WT control and any
fluorescence that appeared above the first decade was considered positive for GFP

expression.
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T cell/APC conjugation and microscopy

The night before the conjugation experiment, one flask of APCs was pulsed with
25ul of 10mg/ml conalbumin protein/1ml of Click’s medium and cultured at 37°C. The
next day, 2x10° retrovirally-infected mutant D10 T cells and 2x10° APCs with or without
conalbumin were suspended in 100ul each of Click’s media. Poly-D-lysine coated cover
slips were placed in 35ml dishes, one for each condition, and rinsed with ddH,O. For
each condition, 100l D10 T cells were added to 100ul APCs in an eppendorf tube and
centrifuged for 30sec in a picofuge, to facilitate synchronous T cell/APC interactions.
The cell mixture was then placed in a 37°C water bath for 10min, gently mixed with a
pipettor, and ejected onto one of the poly-D-lysine cover slips. The cell-laden cover slip
was incubated at 37°C/5%CO, for 5Smin and then fixed with 2ml of cell fix solution (3%
paraformaldehyde, 3% sucrose, 1XxPBS, pH 7.5) for 10min. The fixative was aspirated
and the cover slip was gently washed twice with 1xPBS/0.1% NaN3;. The cover slip was
mounted in glycerol (90):PBS (10) (note that p-phenylenediamine was also added to
reduce photobleaching) onto a glass slide, gently blotted dry, and sealed with clear
acrylic nail polish. Three-dimensional (3-D) fluorescent images were taken at room
temperature on a Zeiss Axiovert 200M inverted wide-field epifluorescent microscope
with a digital charged coupled device (CCD) camera. Computational image restoration
was used to obtain 3-D cellular images (68). A xenon lamp with a 488nm excitation
filter was used to visualize Bcl10-GFP, and images were digitally deconvolved and
projection images generated using a maximal projection algorithm (TILLvisION from
TILL Photonics). Utilizing this software package, three-dimensional image stacks were

processed into two-dimensional projection images. Images were examined for the
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presence of Bcl10 POLKADOTS formation and at least 20 cells were analyzed for each
treatment condition.
SDS-PAGE immunoblotting

For Western blotting, a 10% Tris-glycine SDS-Polyacrylamide resolving gel
(30% acrylamide mix, 1.0M Tris (pH 8.8), 10% SDS, 30% ammonium persulfate,
TEMED, H,0) was poured into a vertical SDS-PAGE gel apparatus and allowed to
polymerize. A 5% Tris-glycine SDS-Polyacrylamide stacking gel (30% acrylamide mix,
1.0M Tris (pH 6.8), 10% SDS, 30% ammonium persulfate, TEMED, H,O) was poured
on top of the resolving gel and allowed to polymerize around a 15-lane comb. Samples
in 2x SDS-PAGE loading buffer (1000l ddH,O, 880ul SDS, 120ul 2-mercaptoethanol)
were prepared with boiling for 4min before loading. 10ul of a protein marker was run in
the first lane and 20ul of protein sample was loaded into each of the remaining lanes.
The gel was run at 150-250 volts in Tris-glycine buffer for approximately 3hr, after
which the apparatus was shut down and the gel removed. The gel was cut down to the
appropriate size and gently washed in transfer buffer (0.04% SDS, 20% methanol, 48mM
Tris, 39M glycine, H,O) for 15-20min. Also, six sheets of absorbent paper and one sheet
of nitrocellulose were cut to the same dimensions as the gel and gently washed in transfer
buffer for 15-20min. The transfer apparatus had a bottom plate anode, such that three
sheets of soaked absorbent paper were placed directly on the bottom plate, one soaked
nitrocellulose membrane was placed on top of that, one soaked gel was placed on top of
that, three sheets of soaked absorbent paper were placed on top of that, and the cathode
plate was the last to be placed on top. The transfer apparatus was run in milliamps

equivalent to the surface area of the gel (e.g., 100mA for 100cm?) for 1.5-2hr. The
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transfer apparatus was disassembled, the nitrocellulose membrane was removed, and the
membrane was placed in blocking solution (98ml ddH,O, 2ml Tris (pH 7.5), 5g
dehydrated milk) at 4°C with rocking overnight.

Nitrocellulose membranes were probed for Bcl10 with a rabbit polyclonal primary
antibody (H-197) (Santa Cruz Biotech) in blocking solution/0.1% Tween at a 1:1000
concentration for 3hr, followed by an HRP-conjugated anti-rabbit secondary antibody
(Jackson ImmunoResearch) in blocking solution/0.1% Tween at a 1:100,000
concentration for 2hr. Nitrocellulose membranes were probed for 3xHA-Bcl10-GFP with
a rabbit polyclonal anti-HA-tag antibody (Y-11) (Santa Cruz Biotech) in blocking
solution/0.1% Tween at a 1:1000 concentration for 3hr, followed by an HRP-conjugated
anti-rabbit secondary antibody (Jackson ImmunoResearch) in blocking solution/0.1%
Tween at a 1:100,000 concentration for 2hr. Membranes were developed with
SuperSignal West Dura (Pierce), imaged with a Fuji LAS-3000 CCD camera system, and
quantified using MultiGauge 3.0 software (Fuji).

For the Bcl10-CARMA1 co-transfection assay, 6x10°293T cells/well were plated
as described for the calcium phosphate protocol. Using a slight variation of this protocol,
1000ng mutant Bcl10-GFP (MSCV-Bcl10-GFP) plasmid DNA, 1000ng CARMAL1
(pENeo-Myc-CARMAT) plasmid DNA, 1000ng pBlueScript plasmid DNA (used to
adjust the final plasmid DNA concentration to an equal amount), 7.5ul of 2.5M CaCl,,
and sterile H>O to a final volume of 75ul were mixed. To this mixture, 75ul of 2x Hepes
solution was added and the mix was dripped onto the 293T cells exactly Imin later.

After 48hr of incubation, the cells were washed once in 1ml 1x PBS and lysed in 2x SDS-

PAGE loading buffer with sonication. Approximately 5x10* cell equivalents were
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separated per lane on a 10% SDS-PAGE gel. The protein was transferred to
nitrocellulose and blocked, as described above, and the membrane was probed for Bcl10.
This experiment was performed in triplicate for each condition.
Co-immunoprecipitation

For the co-immunoprecipitation experiments, 6x10° 293 T cells/well were plated as
described for the calcium phosphate protocol. Using a slight variation of this protocol,
1000ng 3xHA-tagged mutant Bcl10-GFP plasmid DNA, 1000ng FLAG-tagged MALT1-
AC, 1000ng pBlueScript plasmid DNA, 7.5ul of 2.5M CaCl,, and sterile H,O to a final
volume of 75ul were mixed. To this mixture, 75ul of 2x Hepes solution was added and
the mix was dripped onto the 293T cells exactly 1min later. After 48hr of incubation, the
cells were washed once in 1ml 1x PBS and incubated in 800ul IP lysis buffer (20mM
Tris pH 7.5, 1% NP40, 0.5% Deoxycholate, 0.25M NaCl, 3mM EDTA, 3mM EGTA)
supplemented (immediately prior to lysis) with a protease inhibitor cocktail (S0mM NaF,
ImM Na3;VOy, 50uM leupeptin, 2pg/ml aprotinin, ImM DTT, 1mM PMSF) for 30min
onice. Cells were lysed by pipetting, placed in eppendorf tubes on ice, and centrifuged
at 4°C at maximum rpm for 10min. Supernatants were carefully (so as not to disturb the
pelleted debris) removed to fresh tubes, to which 20pl of Protein G sepharose was added.
Supernantants were pre-cleared with sepharose at 4°C with rotation for 1hr. Supernatants
were centrifuged at maximum rpm for 30sec, removed from the sepharose pellet to fresh
tubes, and incubated with 1pg mouse monoclonal anti-FLAG antibody (M2) (Sigma) at
4°C with rotation for 3hr. 20ul of sepharose was added to the supernantants and
incubation continued for another 1 hr. The sepharose in solution was centrifuged at

maximum rpm for 30sec and the supernatant was discarded. The sepharose pellet was
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washed 3 times in 1ml IP lysis buffer, with approximately 30ul of IP lysis buffer left in
the tube after the final wash. To this, 30ul of 2x SDS-PAGE loading buffer was added
and the pellet was boiled at 100°C for 10min. Immunoprecipitated proteins from
approximately 4x10° cell equivalents per condition were separated per lane on a 10%
SDS-PAGE gel. The protein was transferred to nitrocellulose and blocked, as described
above, and the membrane was probed for 3xHA. This experiment was performed in
triplicate for each condition.
NF-kB luciferase assay

For these experiments, 1.2x10° 293T cells were plated per well in a 24-well plate
as described for the calcium phosphate protocol. Using a slight variation of this protocol,
112.5ng mutant Bel10-GFP construct, 4.5ng pBVI-NF-kB-Luc (a luciferase reporter
plasmid containing a minimal promoter with multiple NF-xB binding sites; gift from
Gabriel Nunez), 49.5ng pEF1-Bos-fgal (a f-galactosidase reporter plasmid; gift from
Gabriel Nunez), 45ng pcDNA-p35 (a plasmid used to promote survival of transfected
293T cells; p35 is a baculovirus-encoded homolog of Bcl2, with potent pro-survival
activity), and enough pBlueScript (a plasmid used to adjust the final plasmid DNA
concentration to an equal amount) for a plasmid DNA total of 600ng were added to a
mixture of 4.5ul of 2.5M CaCl, and sterile H,O to a final volume of 40.5ul. To this
mixture, 45ul of 2x Hepes solution was added and, after exactly 1min, 30ul of the mix
was dripped into each of three wells of cells. After 48hrs, the cells were washed once in
300ul 1x PBS, incubated at room temperature in 40ul 1x Reporter Lysis Buffer (Promega)
for 15min, and lysed on ice by pipetting. Cell lysates were vortexed and centrifuged at

4°C at maximum rpm for 2min, and supernatants were transferred and divided between a
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luciferase plate (20ul for luciferase assay) and a 96-well plate (5ul for B-galactosidase
assay). Luciferase Reagent (Promega), containing luciferin, was automatically added by
the luminometer to each sample in the luciferase plate. The expressed luciferase in each
sample reacted with and cleaved the luciferin, generating light which was measured by
the luminometer. The amount of luminescence generated, equated to the amount of
luciferase expressed, and this was dependent upon how much NF-kB was bound to the
luciferase reporter plasmid promoter. Assay 2x Buffer (Promega) was added to each
sample in the 96-well plate, resulting in the development and color change of the
expressed -galactosidase in the cells. After full development had been achieved, 1M
sodium carbonate was added to the samples to stop the reaction and the samples were
read at the 420nm absorbance wavelength of B-galactosidase on a plate reader. The more
intense the color change, the more B-galactosidase was being expressed in each sample,
and this equated to the efficiency of transfection (thereby serving as an internal control
for each sample).
Methods (Aim 2)
Cell lines and tissue culture
The D10 T cell line and the HEK-293T cell line were used as described in Aim 1.
The CH12 B cell line was not used in this Aim.
Antibodies and reagents
As described in Aim 1, Bcl10 was detected with a rabbit polyclonal primary
antibody (H-197) (Santa Cruz Biotech), 3xHA-Bcl10 was detected with a rabbit

polyclonal anti-HA-tag antibody (Y-11) (Santa Cruz Biotech), and FLAG-tagged proteins
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were captured with a mouse monoclonal anti-FLAG antibody (M2) (Sigma) followed by
Protein G sepharose (Pharmacia).
Generation of plasmids

The cDNAs encoding CARMA1 and murine Bel10 and MALT1 were obtained as
described in Aim 1. MSCV-Bcl10-GFP-WT, MSCV-Bcl10-GFP-AMALT1, MSCV-
Bcl10-GFP-DE101,102VV, MSCV-Bcl10-GFP-LI95K, 196K, —Q97A, -K98A, -I99K, -
T100A, MSCV-3xHA-Bcl10-GFP-WT, -AMALTI, -DE101,102VV, -196K, -Q97A, -
T100A, and FLAG-MALT1-AC were generated as described in Aiml. MSCV-Bcl10-
GFP-G78R was generated by subcloning the Ncol/Notl fragment from a previously
described plasmid (66). MSCV-Bcl10-GFP-D80A, -E84A, -R87A, and —-K90A were
generated by PCR amplification using a sequence-specific sense primer and anti-sense
primer #2438. The PCR fragment was digested with MIul/BstXI and ligated into a non-
methylated MSCV-Bcl10-EcoRI/Notl linker-GFP at that site. This non-methylated
vector plasmid was generated by transforming 1ul of the methylated plasmid (MSCV-
Bcl10-EcoRI/Notl linker-GFP) with 20ul transformation buffer (10mM Hepes (pH 7.7),
50mM CacCl,, 10% glycerol) into Dam-mutant TOP10F’ bacteria. Plasmid DNA was
replicated in the bacteria and subsequently purified for use. MSCV-Bcl10-GFP-Q92A
was generated by PCR amplification using sense primer #2437 and a sequence-specific
anti-sense primer. The PCR fragment was digested with Ncol-HindIII and ligated into

MSCV-Bcl10-EcoRI/Notl linker-GFP to obliterate the redundant HindIII site in the

plasmid. MSCV-3xHA-Bcl10-GFP-G78R, -D80A, -R87A, and -Q92A were generated
by digestion of pENeo-3xHA-TSG101-YCit with Bglll/Ncol and insertion of the

sequence encoding Met-3xHA into the previously generated MSCV Bcl10 mutant to
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position the 3xHA tag directly upstream of the starting methionine of each mutant cDNA.
FLAG-MALTI1-AN (aa345-832) and FLAG-MALT1-DD-only (aa2-131) were generated
by subcloning a HindIII/Notl fragment encoding the respective construct into the
HindIII/Notl sites of pcDNA3. All PCR-amplified mutations were sequence verified.
SDS-PAGE immunoblotting

Western blotting was performed as described in Aim 1. Bcl10-CARMAI co-

transfection assay was performed as described in Aim 1.
Co-immunoprecipitation

Co-immunoprecipitation of 3xHA-tagged mutant Bcl10-GFP with FLAG-

MALTI1-AC was performed as described in Aim 1.
NF-kB luciferase assay
These experiments were performed as described in Aim 1.
Computer modeling of the Bcl10 CARD

ESyPred3D Web Server 1.0 is an automated homology program that employs four
principles of homology modeling to predict a three-dimensional protein structure. The
program searches databanks to identify a structural homolog (template), performs a
target-template alignment, executes model building and optimization, and completes a
model evaluation. The critical step in this four-principled approach is the target-template
alignment, with the strength of the ESyPred3D program being its ability to match the two
homologous segments by incorporating the results of several multiple alignment
programs (40). The template used for this study was the solved crystal structure of

procaspase-9 (accession number 3GYS).
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Methods (Aim 3)
Cell lines and tissue culture

The D10 T cell line, CH12 B cell line, and HEK-293T cell line were used as

described in Aim 1.
Antibodies and reagents

As described in Aim 1, Bcl10 was detected with a rabbit polyclonal primary
antibody (H-197) (Santa Cruz Biotech). For the Bcl10 phosphorylation assays, D10 T
cells were stimulated with 100pg/ml plate-bound anti-TCRJ antibody.

Generation of plasmids

The cDNAs encoding murine Bel10 and MALT1 were obtained as described in
Aim 1. MSCV-Bcl10-GFP-WT, MSCV-Bcl10-GFP-AMALT1, MSCV-Bcl10-GFP-D7,
-D8, and — D9 were generated as described in Aim 1. MSCV-Bcl10-GFP-deletion 1 (D1),
—deletion 2 (D2), -deletion 3 (D3), -deletion 4 (D4), -deletion 5 (D5), and -deletion 6 (D6)
were generated by PCR amplification using sense primer #2437 and a Bcl10 truncated
oligomer (D1=aa216, D2=aal95, D3=aal75, D4=aal55, D5=aal35, D6=aal22) anti-
sense primer. The PCR fragment was digested with Ncol/Mlul and ligated into MSCV-
Bcl10-GFP at that site. All PCR-amplified mutations were sequence verified.

Retroviral construction and infection

For infection of D10 T cells, all MSCV Bcl10 mutant constructs were subcloned
into the MMLYV retroviral vector, pENeo (67), at the BglII/NotI restriction site. The
method for D10 T cell infection was as described in Aim 1.

FACS analysis

Mutant D10 T cells were screened by FACS as described in Aim 1.
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T cell/APC conjugation and microscopy
Molecular imaging of mutant D10 T cells was performed as described in Aim 1.
SDS-PAGE immunoblotting

Western blotting was performed as described in Aim 1. The Bcl10-CARMAI1 co-
transfection assay was not performed in this Aim.

For the Bcl10 phosphorylation experiments, half of the wells of six-well plates
were coated with Iml aTCR antibody and allowed to incubate at 4°C overnight. The day
of the experiment, the a TCR antibody was recovered and the wells were washed six
times with 2ml Hanks 1x salt solution. peNeo-Bcl10-GFP-WT, AMALTI, -D1, -D2, -D3,
-D4, -D5, and -D6 retrovirally-infected mutant D10 T cells were each plated in a well at a
density of 2x10° cells/1ml IL-2 supplemented Click’s media and incubated at
37°C/5%CO; for 1 hr. Cells incubated in uncoated wells were designated as time=zero,
while cells incubated in aTCR-coated wells were designated as time=60. After
incubation, cells were harvested on ice by pipetting into eppendorf tubes. The tubes were
centrifuged at 4°C at 1800 rpm x 5min and the supernatant was aspirated. The pelleted
cells were resuspended in 150ul 1x SDS-PAGE loading buffer, sonicated for 1min, and
boiled at 100°C for 4min. Approximately 2.5x10° cell equivalents were separated per
lane on an 8% SDS-PAGE gel. The protein was transferred to nitrocellulose and blocked,
as described in Aim 1, and the membrane was probed for Bcl10. This experiment was
performed in triplicate for each condition.

NF-&B luciferase assay

These experiments were performed as described in Aim 1.
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